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ABSTRACT
This article reviews the Little Higgs models of electroweak symme-
try breaking and their phenomenology. Little Higgs models incorporate a
light composite Higgs boson and remain perturbative until a scale of order
10 TeV, as required by precision electroweak data. The collective symme-
try breaking mechanism, which forms the basis of Little Higgs models, is
introduced. An explicit, fully realistic implementation of this mechanism,
the Littlest Higgs model, is then discussed in some detail. Several other
implementations, including simple group models and models with T par-
ity, are also reviewed. Precision electroweak constraints on a variety of
Little Higgs models are summarized. If a Little Higgs model is realized
in nature, the predicted new particles should be observable at the Large
Hadron Collider (LHC). The expected signatures, as well as the experi-
mental sensitivities and the possible strategies for confirming the Little
Higgs origin of new particles, are discussed. Finally, several other related
topics are briefly reviewed, including the ultraviolet completions of Little
Higgs models, as well as the implications of these models for flavor physics
and cosmology.
1To be published in Progress of Particle and Nuclear Physics 2006.
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1 Introduction
The standard model (SM) is a theory of electromagnetic, weak and strong interac-
tions, whose predictions are in excellent agreement with the results of all particle
physics experiments performed to date. Theorists, however, regard the SM as an
effective theory, which is adequate at the presently explored energy scales but must
become inadequate at a certain higher energy scale Λ. At the very least, the SM,
which does not include gravity, must break down at the Planck energy scale MPl
where the gravitational interactions become comparable in strength to other forces.
More interestingly, there are serious theoretical reasons to believe that the SM breaks
down much earlier, at the TeV scale. The arguments are based on the incompleteness
of the SM description of electroweak symmetry breaking (EWSB). In the SM, this
symmetry is assumed to be broken by the Higgs mechanism. The experimentally
measured masses of W and Z bosons determine the vacuum expectation value (vev)
of the Higgs field, v ≈ 250 GeV, indicating that the Higgs mass parameter µ should
be around the same scale. Moreover, precision electroweak data in the SM prefer a
light Higgs boson: mh =
√
2µ <∼ 245 GeV at 95% c.l. [1]. In the SM, however, the pa-
rameter µ receives quadratically divergent one-loop radiative corrections. Assuming
that the new physics at the scale Λ cuts off the divergence gives an estimate
δµ2 ∼ g2Λ2/(16π2), (1)
where g is a gauge (or Yukawa) coupling constant. Barring the possibility of fine-
tuning between the quantum corrections and the bare value of µ, Eq. (1) implies an
upper bound on Λ of approximately 2 TeV: new physics must appear at or below this
scale. This generic prediction is particularly exciting today, since the Large Hadron
Collider (LHC) will provide our first opportunity to explore the TeV energy scale
experimentally in the near future.
Several theoretical extensions of the SM, attempting to provide a more satisfactory
picture of EWSB and conjecture the structure of the theory at the TeV scale, have
been proposed in the last three decades. Well-known examples include supersymmet-
ric (SUSY) models, such as the minimal supersymmetric standard model (MSSM),
and “technicolor” (TC) models which do not contain a Higgs boson, relying instead
on strong dynamics to achieve EWSB. An intriguing alternative possibility is that a
light Higgs boson exists, but is a composite particle, a bound state of more fundamen-
tal constituents held together by a new strong force [2, 3, 4, 5, 6]. In this scenario,
Λ is the energy scale where the composite nature of the Higgs becomes important,
which roughly coincides with the confinement scale of the new strong interactions.
Unfortunately, precision electroweak data rule out new strong interactions at scales
below about 10 TeV. To implement the composite Higgs without fine tuning, an ad-
ditional mechanism is required to stabilize the “little hierarchy” between the Higgs
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mass and the strong interaction scale.
In analogy with the pions of QCD, one can attempt to explain the lightness of the
Higgs by interpreting it as a Nambu-Goldstone boson (NGB) corresponding to a spon-
taneously broken global symmetry of the new strongly interacting sector. However,
gauge and Yukawa couplings of the Higgs, as well as its self-coupling, must violate
the global symmetry explicitly, since an exact NGB only has derivative interactions.
Quantum effects involving the symmetry-breaking interactions generate a potential,
including a mass term, for the Higgs. Generically, this mass term is of the same size,
Eq. (1), as in a model where no global symmetry exists to protect it: that is, the
NGB nature of the Higgs is completely obliterated by quantum effects, and cannot be
used to stabilize the little hierarchy. A solution to this difficulty has been proposed1
by Arkani-Hamed, Cohen and Georgi [10]. They argued that the gauge and Yukawa
interactions of the Higgs can be incorporated in such a way that a quadratically di-
vergent one-loop contribution to the Higgs mass is not generated. The cancellation
of this contribution occurs as a consequence of the special “collective” pattern in
which the gauge and Yukawa couplings break the global symmetries. The remaining
quantum loop contributions to µ are much smaller, and no fine tuning is required to
keep the Higgs sufficiently light if the strong coupling scale is of order 10 TeV: the
little hierarchy is stabilized. “Little Higgs” (LH) models incorporate the collective
symmetry breaking mechanism to obtain natural and realistic theories of EWSB with
a light composite Higgs boson. Many such models have been constructed in the last
three years.
All LH models contain new particles with masses around the 1 TeV scale. The
interactions of these particles can be described within perturbation theory, and de-
tailed predictions of their properties can be made. These states cancel the one-loop
quadratically divergent contributions to the Higgs mass from SM loops. They pro-
vide distinct signatures that can be searched for at future colliders, as well as induce
calculable, and often sizable, corrections to precision electroweak observables. At an
energy scale of order 10 TeV, the LH description of physics becomes strongly coupled,
and the LH model needs to be replaced by a more fundamental theory, its “ultravio-
let (UV) completion.” The UV completion could be, for example, a QCD-like gauge
theory with a confinement scale around 10 TeV.
The goal of this article is to review the proposed LH models, the constraints placed
on them by existing experimental data, and their predictions for future experiments2.
1Interestingly, the key insight behind this proposal, the collective symmetry breaking mechanism,
was gleaned, via the “dimensional deconstruction” technique [7, 8], from a study of five-dimensional
models where the Higgs emerges as the fifth component of the 5D gauge field [9]. Most Little Higgs
theories reviewed in this article, however, do not have a simple five-dimensional or “theory space”
interpretation.
2For another recent review of the Little Higgs models, see Ref. [11].
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The article is organized as follows: section 2 discusses a simple toy model attempting
to realize the Higgs as an NGB. The toy model suffers from the “little hierarchy”
problem; we then explain how the collective symmetry breaking mechanism, forming
the backbone of the LH models, resolves this difficulty. We go on to present several
fully realistic models implementing this mechanism: the “Littlest Higgs” model is
discussed in detail in section 3, while a number of other possibilities are reviewed
in section 4. Section 5 will discuss the present constraints on the parameters of
the LH models, dominated by the bounds from precision electroweak observables.
Section 6 covers the collider phenomenology of the LH models; the main focus is
on the signatures that should be observed at the LHC if these models are realized
in nature. Section 7 provides a brief review of several other aspects of LH models
studied in the literature, such as their possible ultraviolet completions, flavor physics,
and cosmology. Finally, section 8 contains the conclusions.
2 Higgs as a Nambu-Goldstone Boson: General
Considerations
To gain a better understanding of the issues involved in realizing the Higgs as a
Nambu-Goldstone boson, in this section we will consider a simple toy model which
incorporates this idea. We will discuss the phenomenological difficulties faced by the
toy model, and describe the “Little Higgs” recipe for constructing a model that can
avoid these difficulties [12].
2.1 A Toy Model
Consider a theory with a global SU(3) symmetry, spontaneously broken to an SU(2)
subgroup, at a scale f , by a vacuum condensate Σ0 transforming in the fundamental
representation:
Σ0 =

 00
f

 . (2)
According to Goldstone’s theorem, the theory contains one massless field for each
broken global symmetry generator; these fields are referred to as “Nambu-Goldstone
bosons”, or NGBs. Out of the 8 generators of SU(3), 3 remain unbroken; thus, there
are 5 NGBs in our theory, denoted by πa(x), a = 1 . . . 5. These 5 fields decompose
into a complex doublet and a singlet representation of the unbroken SU(2) global
symmetry; we will denote the doublet and the singlet by H(x) and s(x), respectively.
The dynamics of these fields below the “cutoff” scale Λ ∼ 4πf can be conveniently
5
described in terms of an SU(3)/SU(2) “non-linear sigma model” (nlsm)3, whose
Lagrangian contains all possible Lorentz-invariant, local operators built out of the
“sigma field,”
Σ(x) =
1
f
exp
(
2iπa(x)Xa
f
)
Σ0, (3)
and an arbitrary number of derivatives. Here the sum over a = 1 . . . 5 is implicit, and
the Xa are broken SU(3) generators. More explicitly,
2πa(x)Xa =
(
0 H(x)
H†(x) 0
)
+
s(x)
2
√
2
(
1 0
0 −2
)
, (4)
where 1 is a 2×2 unit matrix. Note that Σ†Σ = 1; this constraint limits the number of
independent operators than can be written at each order in the derivative expansion
of the Lagrangian. The dynamics of the theory at low energies is determined by the
terms with the smallest number of derivatives, while the higher-derivative terms give
subdominant corrections. The leading term is given by
Lkin = f 2 ∂µΣ†∂µΣ, (5)
where the normalization is chosen to yield canonically normalized kinetic terms for
the NGB fields.
To build a theory of electroweak symmetry breaking, we would like to identify a
subset of the NGBs with the Higgs field of the SM. If the global SU(3) symmetry were
exact, the NGBs would only have derivative interactions; this is unacceptable since the
SM Higgs must possess gauge interactions as well. The way around this difficulty is
to introduce explicit breaking of the global symmetry by gauging an SU(2) subgroup4
of the global SU(3). Explicitly, this amounts to replacing the derivatives in Eq. (5)
by their covariant counterparts:
∂µ −→ Dµ = ∂µ − igW aµ (x)Qa, (6)
where g is the gauge coupling constant, the W aµ are the SU(2) gauge fields, and the
Qa (a = 1 . . . 3) are gauged generators given by
Qa =
(
σa/2 0
0 0
)
, (7)
the σa being the standard Pauli matrices. After this replacement, Eq. (5) contains
the required SU(2) gauge interactions for the field H , which can then be identified
3For a pedagogical introduction to non-linear sigma models, see [13].
4For simplicity, we will omit the U(1) component of the SM gauge structure in the discussion
of this section; it will be reintroduced when experimental constraints and more realistic models are
considered.
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W aµ
H† H
W aµ
Figure 1: The leading (quadratically divergent) one-loop contributions to the
Higgs boson mass (left) and quartic coupling (right) from the gauge sector in the
SU(3)/SU(2) toy model.
with the SM Higgs. Note that the Higgs field remains massless at tree level, since
no explicit mass terms have been introduced. On the other hand, explicit tree-level
breaking of the global symmetry by the gauge interactions in Eq. (6) will result in
the Higgs acquiring a mass term, µ2H†H , as well as a quartic coupling, λ(H†H)2,
via quantum effects. In particular, if a negative µ2 and a positive λ are generated,
electroweak symmetry breaking will be triggered.
Let us analyze the Higgs potential induced by quantum effects in more detail.
The leading contributions to the Higgs mass and the quartic coupling arise from the
“bow tie” one-loop diagrams5 shown in Fig. 1. (The vertex in the diagram on the
right appears when the Σ fields in Eq. (5) are expanded to cubic order in H .) Both
diagrams are quadratically divergent, and the loop momentum integrals need to be
cut off at a certain ultraviolet (UV) energy scale to obtain a finite result. The nlsm
under consideration is an effective theory, valid below the cutoff energy scale Λ ∼ 4πf .
(At this scale, the tree-level NGB scattering amplitudes computed within the nlsm
become inconsistent with unitarity, indicating that the nlsm description of physics
breaks down and needs to be replaced with a more fundamental theory, the “UV
completion” of the nlsm.) Assuming that the divergences in the bow tie diagrams are
cut off at the same scale, we obtain an estimate
µ2 = c
g2
16π2
Λ2 ∼ cg2f 2, λ = c′ g
2
f 2
1
16π2
Λ2 ∼ c′g2 , (8)
where c and c′ are order-one numbers whose exact values depend on the details of
physics at the scale Λ and can only be computed if the UV completion is specified.
5We assume that the calculations are performed in the Lorentz gauge, ∂µW
µ = 0. In this gauge,
the bow tie diagram provides the only contibution to the Higgs mass at one loop; the bubble diagram,
involving the cubic Higgs gauge coupling, does not contribute.
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Assuming that c is negative and c′ positive, EWSB is induced at a scale of order
f . After EWSB, three of the four components of the field H are absorbed by the
W and Z gauge bosons; the fourth component remains as a physical Higgs boson,
with the mass mH =
√
2|µ| ≈ √cgf . Precise measurements of the properties of W
and Z bosons put an upper bound on the Higgs mass, mH <∼ 245 GeV at the 95%
c.l. [1]. Unless the parameter c is numerically small, which would require fine-tuning,
the scale f has to be in the 200-300 GeV range, which in turn implies that the cutoff
Λ is, at most, around 3 TeV. Following the usual logic of Wilsonian effectve field
theories, all possible non-renormalizable operators consistent with the symmetries of
the low-energy theory should be assumed to be generated by quantum effects at the
scale Λ, and they should be included in the Lagrangian with order-one coefficients.
This, however, leads to phenomenological difficulties. For example, the Lagrangian
will include the operators
O1 = 1
Λ2
∣∣∣H†DµH∣∣∣2 , O2 = 1
Λ2
(
H†σaH
)
W aµνB
µν , (9)
where W aµν and Bµν are the canonically normalized SM SU(2)L and U(1)Y gauge
field strengths, respectively. Such terms are inconsistent with precision electroweak
constraints for Λ <∼ 3 TeV: the experimental upper bound on the coefficient of O1 is
approximately 1/(5 TeV)2, while the bound for O2 is ∼ 1/(9 TeV)2 [14, 15]. Thus, in
the absence of fine tuning, the simple realization of the Higgs as a pseudo-Goldstone
boson considered here is ruled out by data. This is a manifestation of the “little
hierarchy” problem, which is generic for theories postulating new strong dynamics
as part of the EWSB mechanism: while the known scale of EWSB implies that new
physics should appear at a scale of ∼ 1 TeV, the precision electroweak constraints
indicate that generic, strongly coupled new physics, parametrized by operators such
as (9), cannot appear until ∼ 10 TeV scale.
2.2 Collective Symmetry Breaking
Can our toy model be modified to avoid the phenomenological difficulties we have
found? A way to do this is suggested by the following observation: If the scale f
could be raised to, at least, about 1 TeV, the strong coupling scale Λ would be of
order 4πf ∼ 10 TeV, rendering the contributions of the strongly coupled UV physics
to the precision electroweak observables sufficiently small to have escaped detection
thus far. Since the Higgs mass parameter µ is forced to be at most of order 200 GeV
by data, raising f without fine tuning requires that the toy-model relation between
these two scales, Eq. (8), be modified. Suppose that a model is found in which the
one-loop quadratic divergence in the Higgs mass parameter is cut off at a scale f ,
rather than Λ. In such a model, the leading one-loop contribution to the Higgs mass
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parameter can be estimated as
µ2 ∼ g
2
16π2
f 2 log
Λ2
f 2
∼ g
2
8π2
f 2 log(4π), (10)
which is of the right order of magnitude to generate the correct EWSB scale if f ∼ 1
TeV and an order-one quartic coupling is generated. Note that the quadratic diver-
gences at two- and higher-loop orders do not need to be cut off at f : the two-loop
contribution with a cutoff at Λ is given by
δµ2 ∼ g
4
(16π2)2
Λ2 ∼ g
4
16π2
f 2, (11)
and is subdominant to the log-enhanced one-loop contribution in (10). Thus, we
would like to find extensions of our toy model in which the Higgs mass parameter is
protected from one-loop quadratic divergences above the scale f . Little Higgs models
achieve this goal in a simple and elegant way.
In Little Higgs models, the Higgs boson is embedded among the NGB fields arising
when a global symmetry G is broken to a subset H at a scale f , assumed to be
around a TeV. The NGBs are described by an G/H non-linear sigma model. To
describe the gauge interactions of the Higgs, a subgroup of G must be weakly gauged.
Unlike the toy model considered above, the gauged subgroup in Little Higgs models
is not simple6, but is a direct product of two (or more) factors, G1 × G2 × . . ., each
of which contains an SU(2) × U(1) subgroup. The gauged subgroup is embedded
in G in such a way that each of the Gi factors commutes with a subgroup of G
that acts non-linearly on the Higgs. In other words, if only one of the Gi factors
is gauged, the unbroken global symmetry of the theory is sufficient to ensure that
the Higgs is an exact Nambu-Goldstone boson, and is therefore massless to all orders
in perturbation theory and even non-perturbatively. It is only when the full G1 ×
G2 × . . . group is gauged that the Higgs ceases to be an exact NGB, and acquires
non-derivative interactions. This structure is referred to as “collective” breaking
of the global symmetries by gauge interactions. It implies that any non-vanishing
quantum contribution to the Higgs mass parameter must necessarily be proportional
to a product of all the gauge coupling constants corresponding to the different Gi
factors: setting any one of the coupling constants to zero must result in a vanishing
contribution. On the other hand, the bow tie diagrams of the kind shown in Fig. 1,
which can induce the one-loop quadratic divergence in the Higgs mass parameter,
only involve a single gauge coupling, corresponding to the gauge boson running in
6The following describes the structure of the so-called “product group” Little Higgs models.
There exists a second class of models, “simple group” models, in which the collective symmetry
breaking mechanism is implemented in a slightly different way; see section 4.3.
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H† H
uc, dc, ec
Q,L
Figure 2: One-loop contribution to the Higgs boson mass from fermion loops.
the loop. The collective symmetry breaking mechanism of the Little Higgs theories
ensures that such diagrams are canceled.
The extended gauge group G1 × G2 × . . . of the LH models is typically broken
down to the SM SU(2)L × U(1)Y at a scale f by the same condensates that break
G → H . The models then contain additional gauge bosons at the TeV scale. In the
mass eigenbasis, the vanishing of the one-loop quadratic divergence can be understood
as a result of a cancellation between the SM bow tie diagrams and their counterparts
involving the TeV-scale bosons. The relation between the couplings of these states
to the Higgs is not accidental, but is enforced by the collective symmetry breaking
mechanism. As we discuss specific Little Higgs models in the rest of this review, we
will see explicit examples of how such cancellations work.
In addition to the gauge couplings of the Higgs, a realistic model needs to incorpo-
rate its Yukawa interactions. In a generic model with a cutoff Λ and explicit breaking
of the global symmetries by Yukawa interactions, the quadratically divergent one-loop
diagram in Fig. 2 induces a contribution to the Higgs mass parameter of order
µ2 = ci
y2iN
c
i
16π2
Λ2 ∼ ciy2iN ci f 2, (12)
where yi is the Yukawa coupling of the fermion running in the loop, and N
c
i = 1 for
leptons and 3 for quarks. With the exception of the top quark, all SM fermions have
small Yukawa couplings, yi <∼ 0.03, and their contribution does not induce any fine
tuning in the Higgs mass for Λ ∼ 10 TeV. The top quark, on the other hand, has
a Yukawa of order one, and the quadratic divergence induced by top loops needs to
be eliminated to avoid fine tuning. Again, this can be achieved if several Yukawa-
like couplings are introduced in the Lagrangian, each one by itself preserving enough
global symmetry to ensure exact vanishing of the Higgs mass. Quantum corrections
to the Higgs mass must involve all Yukawa couplings, and no quadratically divergent
diagrams with this property can be drawn. Explicit examples of models implementing
the collective symmetry breaking mechanism in the top sector will be discussed below.
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3 The Littlest Higgs Model
A number of fully realistic Little Higgs models of EWSB, based on the collective
symmetry breaking mechanism outlined above, have been constructed. The “Littlest
Higgs” model, proposed by Arkani-Hamed, Cohen, Katz and Nelson in Ref. [12], is
one of the most economical and attractive implementations. Most of the phenomeno-
logical studies up to date have been performed in the context of this model or its
modifications. This section contains a detailed review of the Littlest Higgs model.
3.1 Gauge and Scalar Sector
The Littlest Higgs (L2H) model [12] embeds the electroweak sector of the standard
model in an SU(5)/SO(5) non-linear sigma model. Consider a theory with a global
SU(5) symmetry, spontaneously broken to an SO(5) subgroup at an energy scale f ∼
1 TeV by a vacuum condensate transforming in the symmetric tensor representation
of SU(5). It is convenient to choose a basis in which the condensate is proportional
to
Σ0 =

 0 0 10 1 0
1 0 0

 , (13)
where 1 represents a unit 2 × 2 matrix. As in the toy model of section 2.1, the
dynamics of the theory at low energies can be completely described in terms of the
Nambu-Goldstone degrees of freedom, which are massless. As usual, there is one
Goldstone particle for each broken generator Xa; for the SU(5) → SO(5) breaking,
there are 24 − 10 = 14 broken generators, and thus 14 NGB fields, which we will
denote by πa(x). The interactions of the NGBs at energy scales below Λ ∼ 4πf are
described by an SU(5)/SO(5) non-linear sigma model, whose Lagrangian contains
all possible Lorentz-invariant, local operators built out of the field
Σ(x) = eiΠ/fΣ0e
iΠT /f = e2iΠ/fΣ0, (14)
and an arbitrary number of derivatives. Here we defined the “pion matrix”
Π(x) =
14∑
a=1
πa(x)Xa, (15)
and used the relation XaΣ0 = Σ0X
aT , obeyed by the broken generators, in the last
step. Just as in the toy model, the relation Σ†Σ = 1 greatly reduces the number of
independent operators than can be written at each order in the derivative expansion.
The Higgs field of the SM is identified with a subset of the NGB degrees of freedom
of the theory. To describe the gauge interactions of the Higgs, the global symmetry is
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explicitly broken by gauging an [SU(2)×U(1)]2 subgroup of the SU(5). The gauged
generators have the form
Qa1 =


σa/2 0 0
0 0 0
0 0 0

 , Y1 = diag(3, 3,−2,−2,−2)/10 ,
Qa2 =


0 0 0
0 0 0
0 0 −σa∗/2

 , Y2 = diag(2, 2, 2,−3,−3)/10 . (16)
The Lagrangian of the gauged theory is obtained from the original nlsm by the fol-
lowing replacement:
∂µΣ→ DµΣ = ∂µΣ− i
2∑
j=1
[
gjW
a
jµ(Q
a
jΣ+ ΣQ
aT
j ) + g
′
jBjµ(YjΣ+ ΣYj)
]
. (17)
Here, Bj and W
a
j are the U(1)j and SU(2)j gauge fields, respectively, and g
′
j and gj
are the corresponding coupling constants. For example, the kinetic term for the Σ
field, which has the lowest number of derivatives (two) among the allowed non-trivial
Lagrangian terms and therefore dominates the low energy dynamics, has the form
Lkin = f
2
8
Tr(DµΣ)(D
µΣ)†. (18)
Here, the normalization has been chosen to ensure that the fields πa have canonically
normalized kinetic terms (the generators are normalized according to Tr (XaXb) =
δab). Note that no explicit mass terms have been introduced for the NGBs, which
remain massless at tree level. On the other hand, tree-level breaking of the global
symmetry by the gauge interactions in Eq. (18) will result in the NGBs acquiring
mass terms via quantum effects.
The gauge symmetry breaking in the L2H model occurs in two stages: first, the
condensate Σ0 breaks the extended gauge group [SU(2)× U(1)]2 down to the diagonal
subgroup, which is identified with the standard model electroweak group SU(2)L ×
U(1)Y . This is a tree level effect in the nlsm, occuring at the scale f ∼ 1 TeV. Then, at
the scale v = 246 GeV, the usual EWSB occurs, breaking SU(2)L×U(1)Y → U(1)em.
EWSB is triggered by a radiatively induced Higgs potential. Let us consider the first
stage of the symmetry breaking, [SU(2)× U(1)]2 → SU(2)L × U(1)Y . (The EWSB
stage will be considered in section 3.3.) The gauge couplings of the unbroken diagonal
subgroup are given by
g =
g1g2√
g21 + g
2
2
, g′ =
g′1g
′
2√
g′21 + g
′2
2
; (19)
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these are set equal to the SM weak and hypercharge gauge couplings, respectively.
This identification leaves two free dimensionless parameters in this sector of the the-
ory; it is convenient to use the two mixing angles, ψ and ψ′, defined by
tanψ =
g2
g1
, tanψ′ =
g′2
g′1
. (20)
The linear combinations of the gauge fields W aj , Bj that acquire TeV-scale masses are
given by
W aH = − cosψW a1 + sinψW a2 , BH = − cosψ′B1 + sinψ′B2, (21)
and their masses are
M(WH) =
g
sin 2ψ
f , M(BH) =
g′√
5 sin 2ψ′
f . (22)
The orthogonal linear combinations,
W aL = sinψW
a
1 + cosψW
a
2 , BL = sinψ
′B1 + cosψ
′B2, (23)
remain massless at this stage.
The fourteen NGBs of the SU(5)/SO(5) breaking decompose into representations
of the electroweak gauge group as follows:
10 ⊕ 30 ⊕ 21/2 ⊕ 31, (24)
where the subscripts indicate the hypercharges. Let us denote the fields in these
four representations by η, ω, H and φ, respectively. The field H has the appropriate
quantum numbers to be identified with the SM Higgs. Explicitly, the pion matrix in
terms of these fields has the form
Π =


−ω0
2
− η√
20
−ω+/√2 H+/√2 −iφ++ −iφ+√
2
−ω−/√2 ω0/2− η/√20 H0/√2 −iφ+√
2
−iφ0+φ0
P√
2
H−/
√
2 H0∗/
√
2
√
4/5η H+/
√
2 H0/
√
2
iφ−− iφ
−√
2
H−/
√
2 −ω0/2− η/√20 −ω−/√2
iφ
−√
2
iφ0+φ0
P√
2
H0∗/
√
2 −ω+/√2 ω0
2
− η√
20


, (25)
where the superscripts indicate the electric charge. (The normalizations are chosen
so that all fields are canonically normalized.) The fields η and ω are absorbed by the
BH and W
a
H heavy gauge bosons, respectively, while H and φ remain physical (and
massless) at this stage.
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Figure 3: One-loop contribution to the Higgs boson (mass)2 from the SU(2) gauge
sector in the Littlest Higgs model, in the gauge eigenbasis. The blob indicates an
off-diagonal mass insertion.
When quantum corrections involving gauge interactions are included, the H and
φ fields are no longer exact NGBs: they acquire a potential, which can be computed
using the standard Coleman-Weinberg approach [16], see section 3.3. Before proceed-
ing with the full calculation, however, it is useful to understand the crucial feature
of this model: the cancellation of quadratically divergent contributions to the Higgs
boson mass at one loop.
We start by observing that the gauge generators are embedded in the SU(5) in
such a way that any given generator commutes with an SU(3) subgroup of the SU(5).
Indeed, the generators Qa1 and Y1 commute with the SU(3) generators embedded in
the lower-right corner of the SU(5) matrices, whereas Qa2 and Y2 commute with the
“upper-left corner” SU(3). This implies that if one pair of gauge couplings (g1, g
′
1 or
g2, g
′
2) is set to zero, the model possesses an exact SU(3) global symmetry, sponta-
neously broken down to an SU(2) subgroup by the vev Σ0. In both cases, the Higgs
field H is the Nambu-Goldstone boson corresponding to this breaking, and therefore
is exactly massless at all orders in perturbation theory and even non-perturbatively
(at least as long as gravitational effects are neglected). Thus, any diagram renormal-
izing the Higgs mass vanishes unless it involves at least two of the gauge couplings.
In a generic theory, the one-loop quadratic divergence is due to the bow tie diagrams
of the kind shown in Fig. 1. Each of them involves a single gauge field, and therefore
cannot contain more than a single gauge coupling. Thus, these diagrams are either
absent in the L2H theory, or their contributions cancel out; in either case, there is no
one-loop quadratic divergence in the Higgs mass. Note that this argument does not
hold for the triplet scalar field φ, which acquires a TeV-scale mass from quadratically
divergent one-loop diagrams.
A more explicit analysis of the cancellation [17] shows that the bow-tie diagrams
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Figure 4: One-loop contributions to the Higgs boson (mass)2 from the SU(2) gauge
sector in the Littlest Higgs model, in the mass eigenbasis.
of the dangerous type are completely absent in the L2H model. All quartic couplings
involving two Higgs fields and two gauge bosons that appear in the model can be
worked out from Eq. (18); they have the form
1
4
H†H
(
g1g2W
µa
1 W
a
2µ + g
′
1g
′
2B
µ
1 B2µ
)
. (26)
In a generic theory, one would also expect diagonal couplings such as g21W
2
1H
†H and
g22W
2
2H
†H . These couplings would lead to quadratically divergent bow tie diagrams.
The absence of the diagonal couplings in Eq. (26), which is a consequence of the
collective symmetry breaking structure of the theory, guarantees the absence of such
divergences. The only bow tie diagrams in the L2H model include a mass insertion
which mixes W1 and W2 (or B1 and B2) fields, see Fig. 3. These diagrams diverge
only logarithmically.
The cancellation can also be understood in terms of the gauge boson mass eigen-
states WL/H and BL/H . In this basis, Eq. (26) becomes [17]
1
4
H†H
(
g2(W aLµW
µa
L −W aHµW µaH − 2 cot 2ψW aHµW µaL ) +
g′2(BLµB
µ
L −BHµBµH − 2 cot 2ψ′BHµBµL)
)
. (27)
The diagonal couplings of the Higgs to the gauge bosons are now present, but the
couplings to the light and heavy states have equal magnitude and opposite sign,
ensuring the cancellation of quadratic divergences. This is illustrated in Fig. 4. Again,
the relation between the couplings is not an accident, but an unavoidable consequence
of the symmetry structure of the theory.
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Figure 5: One-loop contributions to the Higgs boson (mass)2 from the top sector of
the Littlest Higgs model.
3.2 Fermion Sector
The largest quadratically divergent one-loop contribution to the Higgs mass param-
eter in the SM actually comes not from the gauge sector, but from the top quark
loop shown in Fig. 5 (a). To cancel this divergence, the top Yukawa coupling has
to be extended to incorporate the collective symmetry breaking mechanism. In the
L2H model, this is achieved by introducing a pair of weak-singlet Weyl fermions UL
and UR with electric charge +2/3. These are coupled to the third generation quark
doublet q3L = (uL, bL)
T and the singlet u3R in the following way:
Ltop = −λ1
2
f χ†LiǫijkǫmnΣjmΣknu3R − λ2f U †LUR + h.c. , (28)
where
χL =
(
σ2q3L
UL
)
(29)
is the “royal” SU(3) triplet [18], and Σjm denotes the 3 × 2 upper right hand block
of the Σ field defined in Eq. (14). (The indices i, j, k run between 1 and 3, and
m,n = 4, 5.) The spectrum and interactions of the top quark and its partners can be
obtained by expanding the Σ fields in this Lagrangian to the desired order. Neglecting
the EWSB effects, the mass eigenstates are given by
tL = uL, tR =
λ2u3R − λ1UR√
λ21 + λ
2
2
,
TL = UL, TR =
λ1u3R + λ2UR√
λ21 + λ
2
2
, (30)
with t massless at this level and
MT =
√
λ21 + λ
2
2 f. (31)
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The couplings of these states to the Higgs, up to the quadratic order in H , have the
form
λ1
(√
2q†LH˜ −
1
f
H†HU †L
)
u3R + h.c.
= λtq
†
LH˜tR + λTq
†
LH˜TR −
1√
2f
(H†H)T †L (λTTR + λttR) + h.c. (32)
where H˜ = iσ2H , and we define
λt =
√
2λ1λ2√
λ21 + λ
2
2
, λT =
√
2λ21√
λ21 + λ
2
2
. (33)
The first term in the second line of Eq. (32) is the usual SM up-type Yukawa coupling;
after EWSB, the Higgs acquires a vev, and this coupling provides the t with its mass,
mt ≈ λtv/
√
2. The Higgs vev also generates corrections of order v/f to Eqs. (30)
and (31). Precise formulas for the masses and mixing angles in this sector, valid to
all orders in v/f , can be found in Refs. [19, 21].
It is easy to see that the Lagrangian of Eq. (28) preserves the collective symmetry
breaking pattern that was exhibited by the gauge sector of the model. If the coupling
λ1 is set to zero, the Higgs is completely decoupled from the top sector, whereas if
λ2 = 0, the upper-left corner global SU(3) is unbroken (with χL transforming in the
fundamental representation of this group) and the Higgs is an exact NGB. In both
cases, the Higgs remains massless to all orders in perturbation theory and beyond.
Any contribution to the Higgs mass must therefore involve both λ1 and λ2. Again,
one-loop diagrams with this property are at most logarithmically divergent. This
is most easily seen in the original basis, where the mass matrix is not diagonal. In
this basis, all Higgs couplings only involve λ1, with the λ2 appearing only in the
masses; therefore, any non-vanishing contribution to the Higgs mass must contain
mass insertions in the propagators, which reduces the maximal degree of divergence
at one loop from quadratic to logarithmic.
In the mass eigenbasis, the one-loop contribution to the Higgs mass from the top
sector involves the three diagrams shown in Fig. 5. The values of the diagrams are [19]
a) = −6λ2t
∫
d4k
(2π)4
1
k2
,
b) = −6λ2T
∫
d4k
(2π)4
1
k2 −M2T
,
c) = +6
√
2λT
f
∫
d4k
(2π)4
MT
k2 −M2T
, (34)
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The quadratic divergences neatly cancel. It is interesting to note that this cancellation
hinges on the relation 7
MT
f
=
λ2t + λ
2
T√
2λT
, (35)
which could in principle be tested by the LHC experiments, see Section 6 and Ref. [19].
For fermions other than the top quark, the quadratically divergent diagrams in
Fig. 2 do not necessitate fine-tuning in the Higgs potential if the cutoff is at 10 TeV,
due to the small values of the corresponding Yukawa couplings. Because of this,
there is no need to implement collective symmetry breaking in this sector. Yukawa
couplings for the light quarks of the up type can be generated by operators analogous
to Eq. (28), but without the need for extra singlet states UL,R. Yukawa couplings
for the down-type quarks of all three generations and the charged leptons can be
generated by the same operators with Σ → Σ∗. This, however, is not the only
possibility: for example, the up-type Yukawas can in general arise from terms of the
form [20]
L ∼ Q†LHXrY suR + h.c., (36)
where QL and uR are the SM quark doublet and up-type singlet, respectively, X and
Y are components of the Σ field that get unit vevs, and r and s are positive integers.
The charges of light fermions under the [SU(2)×U(1)]2 gauge group are constrained
by the requirements that the charges under the diagonal subgroup coincide with the
SM assignments, and that the Yukawa couplings be invariant. This implies that the
weak doublets of the SM transform either as (2,1) or (1,2) under the two SU(2)
factors, whereas the weak singlets transform as (1,1). The U(1) × U(1) charges of
each fermion can be written as (RY, (1− R)Y ), where Y is its SM hypercharge and
R is a constant which depends on the precise form of the operator which generates
the Yukawa coupling. Assuming that the U(1) charges are universal within each
generation of fermions, and the Yukawa couplings have the form (36), Ref. [20] found
that R has to be quantized in units of 1/5. (Phenomenological studies frequently
assume R = 0 or R = 1.) Note that there is no additional constraint on the fermion
charges from anomaly considerations, since there may be additional fermions at the
cutoff which cancel the anomalies involving the broken subgroup. The only constraint
on the low-energy theory is the cancellation of anomalies involving the SM SU(2)L×
U(1)Y gauge interactions, since the fermions in a chiral representation of this group
can only have weak-scale masses. This requirement is however automatically satisfied:
by construction, the light fermions have their usual SM charges under this group.
7Note that this relation differs, by a factor of
√
2, from that obtained in Ref. [19]. This is a
consequence of a different normalization for f used in that reference.
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3.3 Scalar Potential and Electroweak Symmetry Breaking
At tree level, the Higgs field H and the weak triplet scalar field φ have no non-
derivative interactions. However, due to the explicit breaking of the global SU(5)
symmetry by gauge and Yukawa interactions, quantum corrections induce a Coleman-
Weinberg (CW) potential [16] for both φ and H , triggering electroweak symmetry
breaking. The leading one-loop contribution to the CW potential from quadratically
divergent gauge loops is [12]
V (quad)g =
Λ2
16π2
TrM2V (Σ), (37)
where M2V (Σ) is the gauge boson mass matrix in an arbitrary Σ background. Using
Eq. (18) and Λ ∼ 4πf yields
V (quad)g = af
4
∑
j
(
g2j
∑
b
Tr [QbjΣQ
b∗
j Σ
∗] + g′2j Tr [YjΣY
∗
j Σ
∗]
)
, (38)
where a is an order-one number whose precise value depends on the physics at the
scale Λ, i.e. the UV completion of the L2H theory. Expanding the Σ fields up to
quadratic order in φ and quartic order in H yields
V (quad)g = a(g
2
1 + g
′2
1 )f
2
∣∣∣∣∣φij + i4f (HiHj +HjHi)
∣∣∣∣∣
2
+ a(g22 + g
′2
2 )f
2
∣∣∣∣∣φij − i4f (HiHj +HjHi)
∣∣∣∣∣
2
, (39)
where the sum over i, j = 1, 2 is implicit, and Hi ≡
√
2Πi3, φij ≡ Πi,3+j . The only
other quadratically divergent contribution to the one-loop CW potential is generated
by top loops8; it is given by
V
(quad)
t = −a′λ21ǫwxǫyzǫijkǫkmnΣiwΣjxΣ∗myΣ∗nz + h.c., (40)
where i, j, k,m, n = 1 . . . 3 and w, x, y, z = 4, 5. Expanding in terms of H and φ, we
obtain
V
(quad)
t = −a′λ21f 2
∣∣∣∣∣φij + i4f (HiHj +HjHi)
∣∣∣∣∣
2
. (41)
Note that the potentials (39), (41) do not contain a mass term for the Higgs field; as
discussed above, this is a consequence of the collective symmetry breaking pattern,
which prohibits the quadratically divergent contributions to the Higgs mass at one
8The light fermion contributions can be neglected due to their small Yukawa couplings.
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loop. However, a quadratically divergent mass term for φ is present, giving it a mass
of order f :
M2φ =
(
a(g21 + g
′2
1 + g
2
2 + g
′2
2 )− a′λ21
)
f 2. (42)
Successful EWSB is only possible for points in the parameter space where M2φ > 0,
since otherwise electroweak symmetry is broken by a triplet vev of order f . At
energies beneath the triplet mass, this field can be integrated out, resulting in a
quartic potential for the Higgs, λ(H†H)2, where
λ = a
(g21 + g
′2
1 − a′λ21/a)(g22 + g′22 )
g21 + g
′2
1 + g
2
2 + g
′2
2 − a′λ21/a
. (43)
Thus, quadratically divergent one-loop diagrams generate an unsuppressed quartic
coupling, as required to satisfy the lower bound on the Higgs boson mass, mh =√
λ/2v >∼ 114 GeV [1].
A mass term for the Higgs field is generated at the one loop level by logarithmically
divergent diagrams. The logarithmically enhanced contribution of the vector bosons
to the one-loop CW potential is given by
V (log)g =
3
64π2
TrM4V (Σ) log
M2V (Σ)
Λ2
. (44)
Expanding the sigma fields to quadratic order in H yields a positive contribution to
the Higgs mass parameter:
µ2g(H) =
3
64π2
(
3g2M2WH log
Λ2
M2WH
+ g′2M2BH log
Λ2
M2BH
)
. (45)
The top loop contribution has the form
V
(log)
t = −
3
16π2
Tr
(
Mt(Σ)M
†
t (Σ)
)2
log
Mt(Σ)M
†
t (Σ)
Λ2
, (46)
where Mt(Σ) is the top mass matrix in an arbitrary Σ background. This potential
gives a negative contribution to the Higgs mass parameter:
µ2t (H) = −
3λ2tM
2
T
8π2
log
Λ2
M2T
. (47)
Finally, the logarithmically enhanced part of the CW potential also receives a con-
tribution from the scalar sector; the corresponding correction to the Higgs mass pa-
rameter is given by
µ2s(H) =
λ
16π2
M2φ log
Λ2
M2φ
. (48)
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Due to the large value of the top Yukawa coupling, the top loop contribution to
the Higgs mass (47) typically dominates over the gauge and scalar contributions,
triggering EWSB. The subleading contributions to the Higgs mass parameter include
the finite one-loop terms, of order f 2/(16π2), and the quadratically divergent two-
loop terms, of order Λ2/(4π)4 ∼ f 2/(16π2). The precise values of these terms depend
on the physics at scale Λ; however, both are parametrically smaller than the terms in
Eqs. (45), (47) and (48) by a factor of log(4π)2 ∼ 5. Thus, the LH model provides a
robust mechanism of radiative EWSB via top loops.
After EWSB, the Higgs field can be decomposed as
H =
(
π+,
v + h+ iπ0√
2
)T
, (49)
where v = 246 GeV is the EWSB scale and h is the physical Higgs field. The π± and
π0 fields are absorbed by the SM W± and Z bosons9. The masses and couplings of
the W and Z bosons have the SM values in the limit f ≫ v, but receive corrections
of order v2/f 2. These corrections are constrained by precision electroweak fits, which
consequently put a lower bound on the scale f (see section 5). For generic values
of g1,2, g
′
1,2, the Coleman-Weinberg potential contains a coupling of the form H
†φH ;
after the Higgs acquires a vev, this term generates a tadpole for φ, which in turn
induces a small but non-vanishing vev for the electrically neutral component of the
triplet:
v′ ≡ 〈φ22〉 = −i v
2f
4M2φ
[
a
(
g21 + g
′2
1 − g22 − g′22
)
− a′λ21
]
. (50)
This additional contribution to EWSB violates custodial SU(2) symmetry [22], and
precision electroweak fits place strong constraints on its size.
4 Alternative Realizations of the Little Higgs Mech-
anism
While the Littlest Higgs model provides an explicit and economical theory of EWSB
based on the LH collective symmetry breaking mechanism, other interesting imple-
mentations of this mechanism have been proposed. It is useful to divide them into two
classes [23, 24]: “product group” models, in which the SM SU(2)L is embedded in a
9More precisely, the fields absorbed by the W± and Z bosons are predominantly pi± and pi0, with
a small admixture of ω± and ω0 (at order v2/f2) as well as φ± and φ0 (at order v′2/v2). Likewise,
the scalar fields absorbed by the WH and BH bosons are mostly ω, but contain a small admixture
of pi. See Ref. [21].
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product gauge group, and “simple group” models, in which it is embedded in a larger
simple group, e.g. SU(3). The Littlest Higgs model belongs to the product group
class; other examples from this class will be reviewed in subsection 4.1. Particularly
interesting are product group models with T parity [25], a discrete symmetry that
alleviates experimental constraints on the model parameter space and has important
phenomenological consequences. An example, the Littlest Higgs model with T parity,
will be discussed in subsection 4.2. Finally, simple group models will be reviewed in
subsection 4.3.
4.1 Product Group Models
Historically, the first realistic model utilizing the idea of collective symmetry breaking
to describe EWSB was the “big moose” model [10], constructed by Arkani-Hamed,
Cohen and Georgi. A similar, but more economical “minimal moose” model was pro-
posed in Ref. [26]. The moose models embed the electroweak sector of the SM into a
theory with a product global symmetry GN , broken by a set of condensates, each of
which transforms as a bifundamental representation under Gi × Gj for some pair of
i, j. Such a structure can be described in terms of a “theory space” [7, 8] diagram.
Such diagrams, which are a special case of the so-called “moose diagrams” [27], con-
sist of “sites” representing each symmetry factor Gi, and “links”, connecting sites i
and j, representing bifundamental fields transforming under Gi × Gj. A subset of
the global symmetry is then gauged, including a factor of SU(2)× U(1), or a larger
group containing SU(2)×U(1) as a subgroup, for each site. The bifundamental con-
densates break the gauge symmetry down to the SM SU(2)×U(1) at the TeV scale,
with most, but not all, of the NGBs being absorbed by the heavy gauge bosons. Un-
der appropriate conditions, the masses of some of the remaining NGBs are protected
by the collective symmetry breaking mechanism. A general analysis [28] shows that
the protected NGBs are associated with topological properties of the theory space
describing the model: each protected NGB corresponds to an element of the funda-
mental group of the theory space. Models in which the protected NGBs have the
appropriate quantum numbers to be identified with the SM Higgs can be used to
describe EWSB. Some generic phenomenological properties of such models have been
discussed in [29].
For example, the minimal moose model [26] is described by the diagram in Fig. 6.
The gauge groups are GL = SU(2) × U(1) at the left site, and GR = SU(3) at the
right site. The SM fermions are charged under GL with their usual SM quantum
numbers, and are singlets under GR. Bifundamental condensates break the gauge
symmetry down to the electroweak SU(2) × U(1). The dynamics of the theory is
described by a gauged nlsm. The Lagrangian is constructed out of gauge-invariant
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Figure 6: The theory space diagram for the minimal moose LH model.
operators involving the four bifundamental link fields Xj = exp(2ixj/f), where xj are
the NGB fields, and covariant derivatives. (Note that X†jXj = 1.) In addition to the
usual kinetic terms for the Xj fields, the symmetries of the model allow the so-called
“plaquette” interactions, which contain no derivatives:
Lχ ∼ f 4
(
Tr
[
A1X1X
†
2X3X
†
4
]
+ cyclic
)
+ h.c. (51)
Here Ai = κi + ǫiT
8, with T 8 denoting a diagonal SU(3) generator and κi, ǫi di-
mensionless paremeters. These terms are required to obtain a stable, electroweak
symmetry breaking minimum of the scalar potential in this model. The collective
symmetry breaking mechanism can also be implemented in the top sector; the con-
struction is analogous to the L2H case discussed above.
The “antisymmetric condensate” model proposed in Ref. [30] is quite similar to
the L2H: an SU(6) global symmetry is broken to an Sp(6) subgroup by a condensate
in the antisymmetric representation, proportional to
Σantisym0 =
(
0 −I
I 0
)
, (52)
where I denotes a 3 × 3 unit matrix. Again, an [SU(2) × U(1)]2 subgroup of the
SU(6) symmetry is gauged; this is broken down to the SM gauge group by the con-
densate (52). After the breaking, 8 out of the original 12 Goldstone degrees of freedom
remain uneaten; these transform as 21/2⊕ 2−1/2⊕ 10 under the SM SU(2)L×U(1)Y .
The masses of both doublets are protected by the collective symmetry breaking mech-
anism; as in the MSSM, there are two Higgs doublets at the weak scale. The Higgs
potential, however, is distinctly different from that of the MSSM; in particular, the
quartic terms have a different structure. This is reflected in the spectrum of the Higgs
states: for example, in contrast to the MSSM this model predicts that the CP-odd
scalar A0 is heavier than the charged scalars H±. The spectrum of the TeV-scale
states is similar to the Littlest Higgs; however, the BH gauge boson tends to be some-
what heavier for the same value of f due to a different normalization of the U(1)
generators in this model.
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To avoid introducing large corrections to precision electroweak observables such
as the ρ parameter, the new physics at the TeV scale should respect (at least ap-
proximately) the custodial SU(2) symmetry [22]. The original L2H model does not
possess such a symmetry, and is severely constrained by precision electroweak fits.
(This will be discussed in detail in section 5.) LH theories containing an approximate
custodial SU(2) have been constructed in Refs. [31, 32]. Unfortunately, these models
are rather complicated: the model of [31] is a theory space model with four links,
possessing an [SO(5)]8 global symmetry and SO(5)×SU(2)×U(1) gauge symmetry;
the model of [32] is based on an SO(9)/[SO(4)× SO(5)] nlsm. A different approach
to improving the consistency with precision electroweak constraints, based on the
introduction of a new discrete parity, will be discussed below.
4.2 Littlest Higgs with T Parity
Early implementations of the Little Higgs mechanism turned out to be significantly
constrained by precision electroweak observables (see section 5). To alleviate these
constraints, Cheng and Low [25, 33] proposed to enlarge the symmetry structure of
the models by introducing an additional discrete symmetry, dubbed “T parity” in
analogy to R parity in the MSSM. T parity can be implemented in any LH model
based on a product gauge group, including the Littlest Higgs [34]. This parity ex-
plicitly forbids any tree-level contribution from heavy gauge bosons to observables
involving only standard model particles as external states. In the case of the Littlest
Higgs model, it also forbids the interactions that induced the triplet vev. As a re-
sult, in T parity symmetric Littlest Higgs model, corrections to precision electroweak
observables are generated exclusively at loop level. This implies that the constraints
are generically weaker than in the tree-level case. In addition, as with R parity in
the MSSM, the discrete symmetry ensures that the lightest T-odd particle (LTP) is
stable. Typically, the LTP is the heavy partner of the hypercharge gauge boson (or,
more colloquially, the “heavy photon”), which provides a potential weak-scale dark
matter candidate [35]. In this subsection, we will review the Littlest Higgs model
with T-parity (L2HT).
The gauge sector of the model can be simply obtained from the original L2H
model reviewed in section 3. In this sector, T parity acts as an automorphism which
exchanges the [SU(2)× U(1)]1 and [SU(2)× U(1)]2 gauge factors. The Lagrangian
in Eq. (18) is invariant under this transformation provided that g1 = g2 and g
′
1 = g
′
2.
In this case, the gauge boson mass eigenstates (before EWSB) have the simple form,
W± =
W1 ±W2√
2
, B± =
B1 ± B2√
2
, (53)
where W+ and B+ are the standard model gauge bosons and are T-even, whereas
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W− and B− are the additional, heavy, T-odd states. (As already mentioned, B− is
typically the lightest T-odd state, and plays the role of dark matter.) After EWSB,
the T-even neutral states W 3+ and B+ mix to produce the SM Z and the photon.
Since they do not mix with the heavy T-odd states, the Weinberg angle is given by
the SM relation, tan θw = g
′/g, where g = g1,2/
√
2 and g′ = g′1,2/
√
2 are the SM gauge
couplings, and ρ = 1 at tree level. As will be shown below, all the SM fermions are
also T-even, implying that theW− and B− states generate no corrections to precision
electroweak observables at all at tree level.
The transformation properties of the gauge fields under T parity and the structure
of the Lagrangian (18) imply that T parity acts on the pion matrix as follows:
T : Π→ −ΩΠΩ , (54)
where Ω = diag(1, 1,−1, 1, 1). This transformation law ensures that the complex
SU(2)L triplet φ is odd under T parity, while the Higgs doublet H is even. The
trilinear coupling of the form H†φH is therefore forbidden, and no triplet vev is
generated. Eliminating this source of tree-level custodial SU(2) violation further
relaxes the precision electroweak constraints on the model.
In the original L2H model, the fermion sector of the standard model remained
unchanged with the exception of the third generation of quarks, where the top Yukawa
coupling had to be modified to avoid the large quadratically divergent contribution to
the Higgs mass from top loops. In the model with T parity, however, the SM fermion
doublet spectrum needs to be doubled to avoid compositeness constraints [33]. For
each SM lepton/quark doublet, two fermion doublets ψ1 ∈ (2, 1) and ψ2 ∈ (1, 2)
are introduced. (The quantum numbers refer to representations under the SU(2)1 ×
SU(2)2 gauge symmetry.) These can be embedded in incomplete representations
Ψ1,Ψ2 of the global SU(5) symmetry. An additional set of fermions forming an
SO(5) multiplet Ψc, transforming nonlinearly under the full SU(5), is introduced to
give mass to the extra fermions; the field content can be expressed as follows:
Ψ1 =

 ψ10
0

 , Ψ2 =

 00
ψ2

 , Ψc =


ψc
χc
ψ˜c

 . (55)
These fields transform under the SU(5) as follows:
Ψ1 → V ∗Ψ1 , Ψ2 → VΨ2 , Ψc → UΨc, (56)
where U is the nonlinear transformation matrix defined in Refs. [33, 34, 35]. The
action of T parity on the multiplets takes
Ψ1 ↔ −Σ0Ψ2, Ψc → −Ψc. (57)
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These assignments allow a term in the Lagrangian of the form
κf(Ψ¯2ξΨ
c + Ψ¯1Σ0Ωξ
†ΩΨc), (58)
where ξ = exp(iΠ/f). This term gives a Dirac mass M− =
√
2κf to the T-odd
linear combination of ψ1 and ψ2, ψ− = (ψ1 + ψ2)/
√
2, together with ψ˜c; the T-even
linear combination, ψ+ = (ψ1 − ψ2)/
√
2, remains massless and is identified with the
standard model lepton or quark doublet. To give Dirac masses to the remaining T-
odd states χc and ψc, additional fermions with opposite gauge quantum numbers can
be introduced. For details, see Refs. [33, 34, 35].
To complete the discussion of the fermion sector, we introduce the usual SM set of
SU(2)L-singlet right-handed leptons and quarks, which are T-even and can participate
in the SM Yukawa interactions with the left-handed ψ+. The Yukawa interactions
induce a one-loop quadratic divergence in the Higgs mass; however, the effect is
numerically small except for the third generation of quarks. The Yukawa couplings of
the third generation must be modified to incorporate the collective symmetry breaking
pattern. This requires completing the Ψ1 and Ψ2 multiplets for the third generation to
representations of the SU(3)1 (“upper-left corner”) and SU(3)2 (“lower-right corner”)
subgroups of SU(5). These multiplets are
Q1 =


q1
UL1
0

 , Q2 =


0
UL2
q2

 ; (59)
they obey the same transformation laws under T parity and the SU(5) symmetry as
do Ψ1 and Ψ2, see Eqs. (56) and (57). The quark doublets are embedded such that
qi = −σ2
(
uLi
bLi
)
, i = 1, 2. (60)
In addition to the SM right-handed top quark field u3R, which is assumed to be T-
even, the model contains two SU(2)L-singlet fermions UR1 and UR2 of electric charge
2/3, which transform under T parity as
UR1 ↔ −UR2. (61)
The top Yukawa couplings arise from the Lagrangian of the form
Lt = 1
2
√
2
λ1fǫijkǫxy[(Q†1)iΣjxΣky − (Q†2Σ0)iΣ˜jxΣ˜ky]u3R
+λ2f(U
†
L1UR1 + U
†
L2UR2) + h.c. (62)
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where Σ˜ = Σ0ΩΣ
†ΩΣ0 is the image of the Σ field under T parity, see Eq. (54), and
the indices i, j, k run from 1 to 3 whereas x, y = 4, 5. The T parity eigenstates are
given by
q± =
1√
2
(q1 ∓ q2), UL± = 1√
2
(UL1 ∓ UL2), UR± = 1√
2
(UR1 ∓ UR2). (63)
The T-odd states UL− and UR− combine to form a Dirac fermion T−, with mass
MT− = λ2f. (64)
The remaining T-odd state q− receives a TeV-scale Dirac mass from the interaction
in Eq. (58). The Lagrangian for the T-even states is identical to the model without T
parity, Eq. (28). The T-even mass eigenstates are t+, which acquires a mass only after
EWSB and is identified with the SM top, and T+, whose mass is equal to
√
λ21 + λ
2
2f ,
see Eq. (31). The composition of t and T in terms of the original T-even fields is
given in Eq. (30); the exact formulas including corrections of order v/f can be found
in Ref. [21]. The cancellation of quadratic divergences in the top sector only involves
T-even states, and occurs in precisely the same way as in the model without T parity.
An alternative, more economical way to implement T parity in the top sector has
recently been proposed in Ref. [36]. In this approach, an additional weak doublet is
not required. Three new weak-singlet Weyl fermions, T , U c1 , and U
c
2 , are introduced.
Under T parity, U c1 ↔ U c2 and T → −T . Forming a royal triplet χ = (bL, uL, T ), the
T-invariant Yukawa Lagrangian can be written as
Lt ∼ λf (χiViU c1 + T [χ]iT [V ]iU c2) , (65)
where Vi = ǫijkǫxyΣjxΣky, T [χ] = (bL, uL,−T ), and T [V ] is the image of V under
T parity computed using Eq. (54). The T-even linear combination of U c1 and U
c
2
is identified with the SM right-handed top quark, whereas the T-odd combination,
together with T , acquire a Dirac mass of order f . Note that there are no new T-even
states at the TeV scale in this model: all new particles are T-odd. The cancellation of
the quadratically divergent top loop correction to the Higgs mass works analogously
to the simple group models described in the next section: the cancellation is between
the diagrams (a) and (c) in Fig. 5. The diagram (b) is absent, since the tTh vertex
is forbidden by T parity.
4.3 Little Higgs from a Simple Group
The first model of the “simple group” type was constructed by Kaplan and Schmaltz [23]
(see also [37]). Consider a theory with an [SU(3)× U(1)]2 global symmetry, sponta-
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neously broken down to its [SU(2)× U(1)]2 subgroup by two vacuum condensates:
〈
Φ(3,1)
〉
=

 00
f1

 , 〈Φ(1,3)〉 =

 00
f2

 , (66)
where f1 ∼ f2 ∼ 1 TeV, and the subscripts indicate the SU(3)×SU(3) transformation
properties of each condensate. The spontaneous global symmetry breaking gives rise
to 10 Nambu-Goldstone bosons, whose low-energy dynamics are described in terms
of the fields
Φ1(x) = e
iΘ1(x)/f1
〈
Φ(3,1)
〉
, Φ2(x) = e
iΘ2(x)/f2
〈
Φ(1,3)
〉
, (67)
where Θ1 and Θ2 are the pion matrices. The diagonal subgroup of the [SU(3)×U(1)]2
is gauged. The nlsm kinetic term is given by
Lkin =
2∑
i=1
∣∣∣∣
(
∂µ + igA
a
µT
a − igX
3
B(X)µ
)
Φi
∣∣∣∣2 , (68)
where T a are the SU(3) generators, Aaµ and B
(X)
µ are the SU(3) and U(1) gauge fields,
respectively, and the SU(3) gauge coupling constant g is identical to the SM SU(2)L
coupling. The condensates in Eq. (66) break the gauge symmetry down to the SM
electroweak group SU(2)L×U(1)Y , where the hypercharge group U(1)Y is identified
with the unbroken linear combination of the U(1) and the diagonal generator T 8 of
SU(3). Matching the SM hypercharge coupling constant requires
gX =
gtw√
1− t2w/3
. (69)
where tw = sw/cw is the tangent of the SM Weinberg angle. Five of the nine gauge
bosons acquire masses at the TeV scale, absorbing five NGB fields. In terms of the
pion matrices, the absorbed combination has the form
Ψ(x) = sin θΘ1(x) + cos θΘ2(x), (70)
where tan θ = f1/f2. The orthogonal combination, Θ(x) = cos θΘ1(x)− sin θΘ2(x),
remains physical. The surviving NGBs decompose into a complex SU(2)L doublet,
identified with the SM Higgs field H = (h0, h−), and a SM singlet η:
Θ =

 0 0 h
0
0 0 h−
h0† h+ 0

 + η√
2

 1 0 00 1 0
0 0 1

 . (71)
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The TeV-scale gauge bosons in turn decompose into a complex SU(2)L doublet
(X±, Y 01,2) and an SU(2)L singlet Z
′. The masses of these particles are given by [24]
MX =MY =
gf√
2
≈ 0.46f, MZ′ =
√
2gf√
3− t2w
≈ 0.56f, (72)
where f =
√
f 21 + f
2
2 . Note that all gauge boson masses are uniquely determined once
the symmetry breaking scale f is fixed.
In the SM, one-loop quadratically divergent contributions to the Higgs mass pa-
rameter arise from the bow tie diagrams, see Fig. 1. The simple group LH model
contains additional diagrams of this kind, with the TeV-scale gauge bosons running
in the loop. In the gauge basis, the relevant couplings have the following structure:
g2
4
H†H
[
2W+µ W
−µ + A3µA
3µ −X+µ X−µ −
1
2
(
Y 01µY
0µ
1 + Y
0
2µY
0µ
2
)
−A8µA8µ
]
. (73)
The cancellation of the one-loop quadratic divergence is manifest. (This cancellation
can also be easily seen in the mass eigenbasis: recall that W±, X± and Y 01,2 are
already mass eigenstates, while the neutral mass eigenstates γ, Z and Z ′ are linear
combinations of A3, A8, and B(X).) As in the product group models, this cancellation
can be traced to the collective symmetry breaking mechanism, which, however, works
in a slightly different way. The mechanism is best understood directly in terms of
the fields Φ1 and Φ2. From the structure of the Lagrangian (68), it is clear that each
bow tie diagram involves either a pair of Φ1 fields, or a pair of Φ2’s. The quadratic
terms that such a diagram can generate must be proportional to either Φ†1Φ1 or Φ
†
2Φ2;
but both these operators are identically equal to one, and do not involve any Higgs
fields. Thus, the bow tie diagrams cannot induce a quadratically divergent Higgs
mass. As in the L2H model, one-loop logarithmic divergences are uncanceled: for
example, the operator |Φ†2Φ1|2, whose expansion contains a Higgs mass term, will be
generated with a logarithmically divergent coefficient. The logarithmically divergent
contribution from the top sector is generically dominant, and has the appropriate sign
to trigger EWSB; one-loop finite and two-loop terms are subdominant. Note that the
mass of the additional singlet scalar η is also protected from the one-loop quadratic
divergence, and this particle is expected to be light.
As in the L2H model, the collective symmetry breaking mechanism should also
be implemented in the top sector. This is achieved by extending the third-generation
quark doublet q3L of the SM to a “royal” triplet of the gauged SU(3) group, χ
T
L =
(q3L, UL), and introducing two additional weak-singlet quarks, UR1 and UR2. These
states are coupled by a Lagrangian of the form
Ltop = λ1U †R1Φ†1χL + λ2U †R2Φ†2χL + h.c. (74)
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The collective symmetry breaking mechanism works in this sector in the following
way: the Lagrangian (74) breaks the global SU(3)2 symmetry only when both λ1 and
λ2 are non-zero. If, for example, λ2 = 0, the field χL can be assumed to transform as
(3,1), in which case the full SU(3)2 is preserved. It follows that both λ1 and λ2 must
appear in each top sector diagram that contributes to the Higgs mass renormalization,
a condition that cannot be met by the one-loop quadratically divergent diagrams.
One linear combination of the states UR1 and UR2 couples to UL to acquire a
TeV-scale Dirac mass, whereas the orthogonal linear combination is identified with
the right-handed top quark of the SM, and participates in the standard Yukawa
interaction. To illustrate this, consider a simple case of symmetric vevs and couplings,
f1 = f2 = f/
√
2, λ1 = λ2 ≡ λ. Expanding the Φ1,2 fields to quadratic order in H , we
obtain
Lt = λq†3LHtR + λfU †LUR
(
1− 1
2
H†H
f 2
)
+ h.c., (75)
where tR = (UR1 − UR2)/
√
2, UR = (UR1 + UR2)/
√
2. In diagramatic language, the
cancellation of one-loop divergences from the top sector involves the same diagrams
as in the Littlest Higgs case, see Fig. 5, except that diagram (b) is missing. The dis-
appearance of this diagram, however, is special to the enhanced symmetry point we’re
considering. For example, if λ1 6= λ2 (but f1 = f2), all three diagrams contribute,
and the cancellation requires that the couplings obey the following relation:
mT
f
=
√
λ2t + λ
2
T . (76)
A similar relation exists in the most general case, f1 6= f2, but it involves an addi-
tional parameter, the ratio f1/f2, and its structure is more complicated. Note that
these relations are different from their Littlest Higgs counterpart, Eq. (35). Thus,
testing such relations experimentally could potentially allow one not just to obtain
convincing evidence for the LH mechanism, but also to discriminate between differ-
ent LH models. (The measurements needed to provide such a test at the LHC are
discussed in section 6.)
While there is no need to cancel quadratic divergences in the Higgs mass from
light (non-top) quarks and leptons, additional states must be introduced to make the
model theoretically consistent. The left-handed SU(2) doublets of the SM must be
embedded into triplets of the SU(3) gauge group, Qa = (uLa, dLa, ULa)
T and La =
(νLa, eLa, NLa)
T where a = 1 . . . 3 is the generation index. For each generation, two
extra SU(2) singlets, URa and NRa must also be introduced in order to generate TeV-
scale Dirac masses for the extra components of the triplets. This simplest “universal”
embedding of the extra fermions, proposed in [23], is not anomaly-free, and additional
fermions must appear at the scale Λ ∼ 10 TeV to cancel the anomalies. An alternative
“anomaly-free” embedding, in which all gauge anomalies are canceled at scale f , was
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proposed in Ref. [38]. This embedding has the same particle content, but the first
two generations of quarks transform as a 3¯, instead of a 3, under the SU(3). The
couplings of the light fermions and their TeV-scale partners, in both the universal
and the anomaly-free embeddings, have been worked out in detail in Ref. [24].
In analogy to the L2H model, the Higgs potential induced by quantum effects in
the SU(3) simple group LH model can be computed using the Coleman-Weinberg
approach [16]. As in the L2H, logarithmically divergent one-loop diagrams induce the
leading contributions to the Higgs mass parameter. The negative top contribution
typically dominates due to a large Yukawa coupling, triggering EWSB. However, in
contrast to the L2H, the quartic coupling for the Higgs is not induced by quadratically
divergent diagrams, and the predicted quartic coupling is too small to satisfy the
lower bound on the Higgs mass. The simplest solution to this difficulty [23, 37] is
to simply add the required order-one quartic coupling by hand. This breaks the
global symmetry in a way inconsistent with the Little Higgs mechanism, and induces
a one-loop quadratic divergence in the Higgs mass from Higgs loops; however, this
divergence is numerically quite small, and no major fine-tuning is required [37]. A
more satisfying solution [23] is to extend the model to an [SU(4)/SU(3)]4 nlsm with an
SU(4)×U(1) gauged subgroup. In this case, the model contains two Higgs doublets,
Hu and Hd, and a coupling of the form |H†uHd|2 is generated with no violation of the
Little Higgs mechanism. The main disadvantage of this model is its complexity, with
many new bosons and fermions necessarily appearing at the TeV scale.
An alternative simple group LH model, based on an SU(9)/SU(8) global symme-
try breaking pattern, has been proposed in Ref. [39]. The electroweak gauge group
is extended to SU(3) × U(1) and embedded in the SU(9). The model contains two
Higgs doublets at the electroweak scale, and an additional set of TeV-scale states.
5 Precision Electroweak Constraints
The first test that any model postulating new physics at the TeV scale must pass
is consistency with present experimental data. Precision measurements of numerous
observables in the electroweak sector, performed over the last two decades, are es-
pecially constraining in this regard. The need to satisfy these constraints played an
important role in the evolution of LH models. While the originally proposed models
turned out to be tightly constrained, more recent constructions, such as the Littlest
Higgs model with T parity, satisfy the constraints in large regions of the parameter
space. This section will review the current status of precision electroweak constraints
on a variety of Little Higgs models.
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Figure 7: Lower bound on the symmetry breaking scale f in the SU(5)/SO(5) Littlest
Higgs model, as a function of the parameter c′ ≡ cosψ′. The SU(2) mixing angle ψ is
allowed to vary to give the least restrictive bound on f . (The theoretical constraint
cosψ ∈ [0.1, 0.995] is imposed to avoid the strong coupling regime.) From Ref. [40].
5.1 Littlest Higgs
Several studies of the corrections to precision electroweak observables (PEWO) in-
duced in the Littlest Higgs model [40, 41, 42, 43, 44, 45, 46] and its modifica-
tions [14, 19, 20]) have been performed. The first analysis appeared in Ref. [40]. The
model considered was the SU(5)/SO(5) Littlest Higgs reviewed in section 3. Light
fermions were assumed to be charged under one of the U(1) groups with the SM hy-
percharge, and neutral under the other U(1). It was found that the leading corrections
to PEWO are generated by the tree-level exchanges of heavy gauge bosons, explicit
corrections due to non-linear sigma model dynamics, and the effects of the non-zero
triplet scalar vev, Eq. (50). In particular, weak isospin violating contributions were
found to arise at tree level due to the absence of a custodial SU(2) symmetry. The
bulk of these corrections results from heavy gauge boson exchanges, while a smaller
contribution is due to the triplet scalar vev. A global fit to the experimental data
was performed, and it was found that throughout the parameter space the symmetry
breaking scale is bounded by f > 4 TeV at 95% c.l. Even stronger bounds on f were
found for generic choices of the gauge couplings, see Fig. 7. The authors concluded
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that even in the best case scenario one would need fine tuning of less than a percent
to get a Higgs mass as light as 200 GeV, largely destroying the original motivation for
the L2H model. Similar analyses, in the context of the same model, were presented
in Refs. [41, 42, 44]. Their results generally agree with [40]. Refs. [45, 46] update the
analysis by including the constraints from LEP2 measurements of the e+e− → f f¯
cross sections in the 189–207 GeV energy range, leading to an even tighter bound on
f .
In Ref. [43], one-loop corrections to the ρ parameter were calculated, including
the logarithmically enhanced contributions from both fermion and scalar loops10.
In certain regions of parameter space, the one-loop contributions were found to be
comparable to tree level corrections, leading to modified constraints; in particular,
partial cancellation of tree level and one-loop effects allowed for a somewhat lower
bound on the scale f .
The Littlest Higgs model contains an additional freedom of choosing the hyper-
charge assignments of the light fermions under the two U(1) factors. Ref. [20] ad-
dressed the question of whether a judicious choice of hypercharges can improve the
consistency of the model with the PEWO. It was found that the situation was indeed
improved, with values of f as low as 2 TeV being consistent with data; however,
significant improvement only occurred in small regions of the model parameter space
(e.g. the ψ − ψ′ plane), and only for particular values of the parameter R (see sec-
tion 3.2). Ref. [20] also considered alternative embeddings of the two U(1) generators;
again, the bound on f could be lowered to 1–2 TeV, but only in small regions of the
parameter space.
A more radical solution to the difficulties experienced by the original L2H model
was suggested by Arkani-Hamed and Wacker [49]. The large size of the precision
electroweak corrections in this model is mostly due to the fact that the heavy hyper-
charge gauge boson, BH , is actually typically not very heavy: according to Eq. (22),
M(BH) ∼ g′f/
√
5 ∼ 0.16f for generic parameters. Exchanges of such a light BH in-
duce substantial corrections to Z pole observables. Moreover, a light BH is strongly
disfavored by the null results of Z ′ searches at the Tevatron [41]. On the other
hand, since the value of the hypercharge gauge coupling in the SM is rather small,
g′2/g2 ∼ 0.3, a model with a cutoff around 10 TeV does not require significant fine-
tuning even if the one-loop quadratically divergent contributions to the Higgs mass
from B loops is not canceled. One can then consider a Littlest Higgs model with only
one gauged U(1) factor, i.e. the gauge group is SU(2)1 × SU(2)2 × U(1)Y , in which
the troublesome BH boson is absent. The precision electroweak corrections on this
model have been analyzed in Refs. [20, 19, 14]. It was found that, for certain values
10The one-loop correction to the Zbb¯ coupling was considered in Ref. [47]. The correction to the
muon anomalous magnetic moment was computed in Ref. [48] and found to be negligible.
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Figure 8: Contour plot of the allowed values of f in the variation of the SU(5)/SO(5)
Littlest Higgs model with an SU(2)×SU(2)×U(1)Y gauged subgroup, as a function
of the parameters c ≡ cosψ and a (see Eq. (38)). The gray shaded region at the
bottom is excluded by requiring a positive triplet mass. From Ref. [20].
of model parameters, an f as low as 1 TeV is allowed, see Fig. 8. However, consistent
fits with low f are possible only if the mixing angle between the two SU(2) groups,
ψ, is close to π/2; that is, the relation g1 ≫ g2 is required. Unlike the original little
hierarchy, this relation is technically natural; however, the model provides no expla-
nation for its origin. Thus, the Littlest Higgs model with an SU(2)×SU(2)×U(1)Y
gauged subgroup is consistent with experimental data, but somewhat unsatisfactory
from a theoretical point of view.
Existing analyses of precision electroweak constraints on the Littlest Higgs (and
other LH models) typically only include the calculable effects of weakly-coupled states
at the scale f , ignoring the potential contributions from local operators generated at
the cutoff scale Λ. This is justified as long as the expected hierarchy between the two
scales, f and Λ ∼ 4πf , holds; however, an explicit analysis [50] of NGB scattering
amplitudes in the L2H model indicates a significantly smaller hierarchy, Λ/f ∼ 3− 4,
due to the high multiplicity of NGBs. If this is the case, operators generated at Λ
may have substantial effects on precision electroweak fits; these effects remain to be
investigated.
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5.2 Alternative Little Higgs Models
In addition to the L2H model, precision electroweak constraints on several alternative
implementations of the Little Higgs mechanism have been studied in detail. They
will be briefly reviewed in this subsection. Most studies presented their results in
terms of the constraint on the global symmetry breaking scale f . We will follow this
practice here; however, we note that a comparison of the lower bounds on f obtained
in different models does not provide a reliable measure of the relative amount of fine
tuning they require, since the precise relation between f and the Higgs mass induced
by quantum loops is itself model-dependent.
Precision electroweak constraints on the SU(6)/Sp(6) antisymmetric condensate
model were considered in Refs. [20, 51, 45, 46]. The constraints were found to be quite
similar to those in the Littlest Higgs: in particular, in the “minimal” implementation
of the model (with two gauged U(1) factors and R = 0 or 1), the scale f has to
be above 3.0 TeV. Again, modifying the way in which the gauged U(1) generators
are embedded, modifying the fermion U(1) charges, or gauging a single U(1), opens
up the possibility of f as low as 1 TeV, albeit only in rather small regions of the
parameter space. Ref. [20] has also analyzed the constraints on the [SU(4)/SU(3)]4
simple group model (see section 4.3), and obtained a lower bound of f > 4.2 TeV.
While this bound is tighter than what can be achieved in the product-group models,
large f in these models does not necessarily imply a large amount of fine tuning, since
the heavy fermions which cancel the divergence in the top loop contribution to the
Higgs mass parameter may appear at a scale substantially below f for a carefully
chosen set of parameters. Ref. [37] studied the simpler SU(3) simple group Little
Higgs model, with an explicit Higgs quartic coupling introduced by hand, and found
that this model has a region of parameter space in which EWSB is natural and
the precision electroweak constraints are satisfied. The analysis of this model in
Ref. [45], however, finds a much more stringent constraint, f >∼ 4.5 TeV. (A similar
constraint has been found in Ref. [46].) The constraints on the SU(9)/SU(8) model
were considered in Refs. [39, 45]; in this model, the bound on f is 3.3 TeV, but in
large parts of the parameter space this is compatible with a heavy top mass (the
scale at which the largest quadratically divergent contribution to the Higgs mass
is canceled) below 2 TeV. Precision electroweak observables in the minimal moose
model were analyzed in Ref. [52]. It was found that the original model of [26] is
very tightly constrained. However, a slightly modified version of the model, with
the SU(3)× SU(2)× U(1) gauge group replaced by [SU(2)× U(1)]2, is significantly
less constrained, allowing for f as low as 2 TeV. Finally, the constraints on the
models with custodial symmetry [31, 32] were considered in Ref. [53]. This analysis
included the corrections to the muon anomalous magnetic moment as well as the
precision electroweak observables. While no quantitative bounds have been presented,
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Figure 9: Exclusion contours in terms of the parameter R = λ1/λ2 and the symmetry
breaking scale f . The contribution of the T-odd fermions to the T parameter is
neglected. From lightest to darkest, the contours correspond to the 95, 99, and 99.9
confidence level exclusion. From Ref. [21].
the analysis concluded that the introduction of custodial symmetry does lead to a
substantial reduction in the amount of fine-tuning.
5.3 Littlest Higgs with T Parity
Motivated by the difficulties in reconciling the original Littlest Higgs and other early
proposals with precision electroweak observables, Cheng and Low proposed to extend
the symmetry of the models to include a discrete T parity. An explicit example of
how this can be achieved, the L2H model with T parity, has been reviewed above
(see section 4.2). The parity explicitly forbids any tree-level contribution from heavy
gauge bosons to observables involving only SM particles as external states. In the
case of the L2H model, it also forbids the interactions that induced the triplet vev. As
a result, in this model, corrections to precision electroweak observables are generated
exclusively at loop level. This implies that the constraints are generically weaker
than in the tree-level case. A quantitative analysis of the constraints was presented
in Ref. [21]. The oblique corrections [54] from loops of T-odd particles, as well as
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the T-even T+, were computed, along with the Zbb¯ vertex correction from the top
sector. It was found that large regions of parameter space are consistent with precision
electroweak constraints, see Fig. 9. In particular, consistent fits were obtained for f
as low as 500 GeV, indicating that the model does not require significant amounts of
fine tuning to keep the Higgs light. Interestingly, the model also allows for consistent
fits with a heavy Higgs boson, up to 800 GeV, since the large negative contribution to
the T parameter induced by a heavy Higgs can be cancelled by a positive contribution
from T+ loops. In addition, an upper bound on the mass of the T-odd fermions was
obtained from the non-observation of non-SM four-fermion interactions, such as eedd,
in collider experiments. Assuming a flavor-universal T-odd fermion mass, it was found
that
MTeV < 4.8f
2
TeV , (77)
whereMTeV and fTeV are values of the T-odd fermion mass and the symmetry breaking
scale, respectively, in TeV. A more detailed analysis of the low-energy effects of the
T-odd fermions, including the flavor-violating effects induced if their masses and
couplings are not universal, remains to be performed.
6 Collider Phenomenology
In order to cancel the one-loop quadratic divergences in the Higgs mass, all Little
Higgs theories require new particles at the TeV scale. Independent of the specific
model, the TeV-scale spectrum includes a vector-like quark, required to cancel the top
loop divergence, and a set of new gauge bosons, canceling the W/Z loop divergences.
Moreover, the symmetries of the LH theory relate the couplings of these particles
with the Higgs to the SM gauge and Yukawa couplings (see, for example, Eqs. (27)
and (35)). These are the generic predictions of the collective symmetry breaking
mechanism, although the detailed form of the coupling relations is somewhat model-
dependent. The masses of the new particles are bounded from above by naturalness
considerations. While the precision electroweak constraints make a discovery at the
Tevatron rather unlikely (with the possible exception of models with T parity), at
least some part of the spectrum should be observable at the LHC. Specific LH models
often contain additional TeV-scale particles (scalars, fermions, and gauge bosons),
which are not required by the LH mechanism itself but are needed to implement it
in a theoretically consistent way. Observing these particles could provide important
hints to which particular LH model is realized in nature. This section will review
the prospects for discovery and study of the new particles predicted by LH models at
future colliders.
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Figure 10: Production cross sections for the W 3H (solid) and W
±
H (dashed) bosons at
the LHC, for ψ = π/4. From Ref. [17].
6.1 Heavy Gauge Boson Phenomenology
The study of the collider phenomenology in a Little Higgs model was initiated in
Refs. [41, 17] (see also [42]), which considered the signatures of the extra gauge bosons
in the context of the Littlest Higgs model. The model predicts four new gauge bosons,
W±H , W
3
H and BH , with masses given in Eq. (22). At a hadron collider, these bosons
are produced predominantly through their coupling to quarks. Assuming that the
SM left-handed lepton and quark doublets L and Q transform as doublets under
SU(2)1 and singlets under SU(2)2, their couplings to the heavy SU(2) bosons are
flavor-universal and have the form11
g cotψW aHµ
(
L¯γµ
σa
2
L + Q¯γµ
σa
2
Q
)
. (78)
The coupling of the BH boson to the SM fermions depends on the fermions’ U(1)1 and
U(1)2 charges, and is quite model-dependent. In fact, eliminating the BH altogether
may reduce the amount of fine tuning in this model when the precision electroweak
constraints are taken into account, see section 5. Given this model uncertainty in
the U(1) sector, the analysis of Ref. [17] focused on the production and decay of the
SU(2) heavy gauge bosons.
Precision electroweak constraints on the Littlest Higgs model imply that the WH
bosons are out of the kinematic reach of the Tevatron collider. At the LHC, these
11Another simple and consistent SU(2) charge assignment corresponds to interchanging SU(2)1 ↔
SU(2)2; the results for this case can be obtained by exchanging ψ ↔ pi/2−ψ in Eq. (78) and below.
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bosons would be mostly produced through qq¯ annihilation. (The sub-process qg →
WHq has a considerably smaller cross section and could be separately identified due
to the presence of a high pT jet.) Fig. 10 shows the leading order production cross
section of W 3H and W
±
H as a function of their mass, for the case ψ = π/4. The general
case may be obtained from Fig. 10 by simply scaling by cot2 ψ. The decay channels
of the W 3H boson include ℓ
+ℓ−, qq¯, Zh, W+W−, and, potentially, BHh. Ignoring the
model-dependent BHh mode, the total width of W
3
H is given by
Γtot =
g2
96π
(
cot2 2ψ + 24 cot2 ψ
)
M, (79)
where M ≡M(WH). The partial widths are
Γ(W 3H → ℓ+ℓ−) =
g2 cot2 ψ
96π
M , Γ(W 3H → q¯q) =
g2 cot2 ψ
32π
M,
Γ(W 3H → Zh) =
g2 cot2 2ψ
192π
M, Γ(W 3H →W+W−) =
g2 cot2 2ψ
192π
M. (80)
where we neglect corrections of order v/f (including the effects of non-zero top mass).
Partial decay widths of theW±H bosons are easily obtained from (80) using the isospin
symmetry, which is accurate to leading order in v/f .
The discovery reach of the LHC for the W 3H and W
±
H gauge bosons is quite high.
The cleanest mode is W 3H → ℓ+ℓ−, with ℓ = e or µ. The studies of the Z ′ discovery
reach at the LHC performed by the ATLAS collaboration [55] indicate that these
channels are virtually free of backgrounds. The discovery reach (corresponding to
the observation of 10 events) for 100 fb−1 integrated luminosity is approximately
M(WH) = 5 · (cotψ)1/3 TeV. The same decay modes will provide a determination
of the WH mass. However, discovering the WH triplet does not by itself provide a
striking signature for the LH model, since one can imagine many alternative theories
in which such a triplet is present.
A clean way to verify the L2H origin of the observed WH bosons experimentally
has been proposed in Ref. [17]. The key observation is that the factor of cot 2ψ in
the WHZh coupling is a unique feature of the L
2H model. This coupling originates
from the WHWLH
†H term in Eq. (27), whose coefficient is determined by the special
structure of Eq. (26), which in turn is a direct consequence of the collective symmetry
breaking pattern. Therefore, an independent determination of the mixing angle ψ and
theW 3H → Zh (and/orW±H →W±h) partial widths would provide a robust test of the
L2H model. Assuming that the production cross section can be accurately predicted,
such a determination is provided by simply counting the number of events in the
ℓ+ℓ− and Zh channels with the invariant mass equal to M(WH). Ref. [17] considered
a sample toy model, the “Big Higgs”, possessing the same spectrum as the L2H
model but without the collective symmetry breaking mechanism. It was shown that
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Figure 11: Predictions of the ee and Zh event rates due to W 3H decay at the LHC,
in three Little Higgs models (Littlest Higgs, LH; simple group Little Higgs with two
alternative fermion embeddings, “af” or anomaly-free and “uni” or universal, see
section 4.3) and a non-Little Higgs model with the same spectrum (Big Higgs). From
Ref. [24].
the measurements outlined above allow one to distinguish between these models. A
recent analysis of Ref. [24] has confirmed this conclusion, see Fig. 11. Note, however,
that this strategy relies on an accurate prediction of theWH production cross section,
which in turn requires precise knowledge of quark and antiquark distribution functions
at x ∼ 0.1− 0.2.
A more detailed analysis of the WH signatures in the W
3
H → ℓ+ℓ−, Zh, and
W±H → ℓ±ν,W±h channels, including the backgrounds and detector effects, has been
performed by the ATLAS collaboration [56]. In the Zh channel, the signatures stud-
ied included ℓ+ℓ−bb¯ and jjγγ; in the W±h channel, ℓ±νbb¯ and jjγγ signatures were
considered. (The study assumed a Higgs mass of 120 GeV.) The results are summa-
rized in Figure 12, where the discovery reaches for various final states are shown. All
of the natural parameter range is covered by the ℓ+ℓ−, ℓ±ν signatures; for lower values
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Figure 12: Accessible regions, in the M(WH) − cotψ plane, for 5σ discovery at the
LHC with 300 fb−1 integrated luminosity. From Ref. [56].
of M(WH), several decay channels are accessible, allowing the model to be tested.
The International Linear Collider (ILC), a proposed e+e− collider with center-of-
mass energy
√
s = 500 GeV at the initial stage and up to 1 TeV after upgrades, is not
likely to have sufficient energy to produce the WH bosons of the L
2H model directly.
(It is possible that the BH boson, if present, could be kinematically accessible at
the 1 TeV ILC and produced via e+e− → BH [57] or eγ → eBH [58]; also, some of
the allowed parameter space in models with T parity could be accessible.) However,
precise measurements of scattering cross sections at the ILC will allow us to detect
and study these bosons via their indirect effects even if M(WH) ≫
√
s. In fact, it
was found in Ref. [59] that the search reach for theW 3H and BH bosons in the process
e+e− → f f¯ at a 500 GeV ILC covers essentially the entire parameter space of the
Littlest Higgs model consistent with naturalness12. Moreover, studying this channel
at the ILC, combined with the measurement of the WH (and possibly BH) masses at
the LHC, allows a determination of the fundamental parameters of the model (f , ψ,
12The effects of the BH boson on the e
+e− → µ+µ− process have been considered in Ref. [60],
while the process e+e− → tt¯ was analyzed in Ref. [61].
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Figure 13: Production cross sections for the TeV-scale neutral (left panel) and charged
(right panel) gauge bosons of Little Higgs models at the LHC. Solid lines correspond
to the SU(3) simple group model with universal fermion embedding, and the dashed
line on the left panel to the same model with an alternative (“anomaly-free”) fermion
embedding. Dotted lines represent the Littlest Higgs model with ψ = π/4, and
dotted arrows show the variation of the Littlest Higgs W 3H production cross section
when cotψ is varied between 0.2 and 2. From Ref. [24].
and ψ′) to the precision of a few per cent. Unlike the LHC parameter determination,
this method is not limited by the parton distribution function uncertainties. In a
significant region of the parameter space, the effect of the BH boson on the process
e+e− → Zh can also be observed [62, 59]. This process may allow one to extract
the W 3HZh coupling, which would provide an unambiguous test of the L
2H model as
explained above.
The only study so far of collider phenomenology in an LH model of the simple
group type has appeared in Ref. [24], where the signatures of the SU(3) model (see
section 4.3) were analyzed and contrasted with those expected in the Littlest Higgs.
The gauge sector of the SU(3) model contains two new complex gauge bosons, X±
and Y , as well as a neutral Z ′; the masses of these states are given in Eq. (72).
Interestingly, this sector contains no dimensionless parameters apart from the known
SM gauge couplings, so that the properties of the heavy gauge bosons are uniquely
specified up to an uncertainty in the scale f and a discrete ambiguity in the fermion
embedding. The X and Y bosons do not couple to the SM fermions in the limit
v/f → 0; the production cross sections for these states are suppressed by v2/f 2, and
they will most likely not be observable at the LHC. This is illustrated in the right
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panel of Fig. 13, where the production cross section for the W±H of the L
2H model is
also shown for comparison. On the other hand, the coupling of the Z ′ boson to the SM
fermions is unsuppressed, and the production cross section is substantial, as shown
on the left panel of Fig. 13. The SU(3) simple group model also makes unambiguous
predictions of the Z ′ partial decay widths. As illustrated in Fig. 11, measuring the
ℓ+ℓ− and Zh event rates would enable one to distinguish this model both from non-LH
Z ′ models and from its Littlest Higgs cousin, even taking into account the presence
of the tunable parameter (the mixing angle ψ) in the L2H model.
Collider phenomenology of the Littlest Higgs model with T parity was considered
in Ref. [35]. While the gauge boson spectrum of this model is the same as in the
original Littlest Higgs (with the restriction ψ = ψ′ = π/4), the phenomenology is
drastically different due to the fact that the TeV-scale gauge bosons are T-odd. In
this sense, the expected signatures resemble those of a SUSY model with conserved
R parity: for example, since all SM particles are T-even, the heavy gauge bosons
must be pair-produced. The BH gauge boson, whose presence is obligatory in this
model, is quite light, M(BH) = g
′f/
√
5 ≈ 0.16f , and is typically the lightest T-odd
particle (LTP). If T parity is exact, the LTP is stable, and events with WH or BH
pair-production will be characterized by large missing transverse momentum carried
away by the two LTPs.
6.2 Heavy Top Phenomenology
A new vector-like colored fermion at the TeV scale is a generic prediction of LH
models, since its presence is required to cancel the one-loop divergence from the top
loops in Fig. 2. Naturalness indicates that the mass of this fermion, which is usually
referred to as the “T quark” or the “heavy top”, should be below about 2 TeV. The
collider phenomenology of the T quark in the context of the Littlest Higgs model has
been studied in Refs. [42, 19]. At the LHC, the T quark can be pair-produced via
processes such as gg → T T¯ and qq¯ → T T¯ , or singly produced via the W exchange
process bq → Tq′. The cross sections of these processes are shown in Fig. 14. The
pair production, due to strong interactions, dominates for low T masses; however
for MT above about 1 TeV, energy is at a premium and single production becomes
dominant. The decay pattern of the T can be understood from Eq. (32) by applying
the Goldstone boson equivalence theorem: the T couples symmetrically to the four
components of the Higgs doublet, leading, in the MT ≫ v limit, to the following
simple prediction:
Γ(T → th) = Γ(T → tZ0) = 1
2
Γ(T → bW+) = λ
2
TMT
64π
. (81)
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Figure 14: Production cross section of the T quark at the LHC. The solid and lower
and upper dotted lines correspond to the single T production for λ1/λ2 = 1, 1/2,
and 2, respectively. The dashed line corresponds to the T T¯ pair production. From
Ref. [42].
Additional decay modes, involving the TeV-scale gauge bosons of the Littlest Higgs
model, may be kinematically allowed and contribute to the total T width: for example,
if the BH boson is present and light, the decay T → tBH may be possible.
All three SM decay modes in Eq. (81) provide characteristic signatures for the
discovery of the T at the LHC. A detailed study of the LHC discovery potential in
each decay mode has been preformed by the ATLAS collaboration [56]. The Wb
signal, reconstructed via the ℓνb final state, was found to be the most promising,
with the 5σ discovery reach of 2000 (2500) GeV for λ1/λ2 = 1 (2) and 300 fb
−1
integrated luminosity. The Zt channel, reconstructed using leptonic Z decays and
t → Wb → ℓνb, provides a clean signature with small backgrounds, as shown in
Fig. 15. However, the discovery reach is somewhat below that for the Wb mode due
to lower statistics: 1050 (1400) GeV with λ1/λ2 = 1 (2) and 300 fb
−1. The ht mode
is more challenging, but if the T quark is observed in other channels and its mass is
known, the ht signal can be separated from background and used to check the decay
pattern in Eq. (81).
A discovery of the T quark would not by itself provide a smoking gun signal for
the LH model, since many competing theories predict particles with similar properties
at the TeV scale. To prove that the LH interpretation of this particle is correct, it
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Figure 15: Invariant mass of the Zt pair, reconstructed from the ℓ+ℓ−ℓ±νb final
state. The signal (white) is T → Zt, computed for MT = 1 TeV, λ1/λ2 = 1, and
Br(T → Zt) = 25%. The background (red) is dominated by tbZ. From Ref. [56].
would be desirable to confirm its role in canceling the one-loop quadratic divergence
by testing the relation between the T mass and its couplings predicted by the LH
models. Examples of such relations are provided by Eq. (35), valid in the L2H model,
or Eq. (76), valid in the SU(3) simple group model with f1 = f2. In both examples,
all four quantities13 which enter these relations are in principle observable [19]: the
top Yukawa λt is already known, the T mass will be directly measured at the LHC
(see Fig. 15), and if the WH gauge bosons are discovered, a measurement of their
mass and production cross section will determine the scale f . Measuring λT will
be more difficult: while in principle this quantity can be extracted from the single
T production cross section, the large uncertainty in the b quark pdf would severely
limit the precision of this measurement. Moreover, the total production cross section
measurement requires that all T decay channels be reconstructed, which may be
13In other models, the corresponding relation may involve more parameters and testing it could
require additional independent measurements. For example, an independent measurement of the
ratio f1/f2 would be required to confirm the LH cancellation in a simple group model with f1 6= f2.
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challenging in practice.
The LHC phenomenology of the T quark in the SU(3) simple group LH model
has been studied in Ref. [24]. The T production cross sections are generically similar
in size to those in the L2H model, and its SM decays still have the widths given by
Eq. (81). New T decay channels, such as tη, tY 0 and bX+, may be kinematically
allowed, depending on the details of the spectrum. However, as long as the branching
ratios into the SM modes are sizable, the same search strategies as in the Littlest
Higgs model would apply. In addition to the heavy top, the simple group model
contains three generations of vector-like TeV-scale quarks UH and leptons NH . The
LHC phenomenology of these particles has also been discussed in Ref. [24].
The top sector of the Littlest Higgs model with T parity contains two new vector-
like quarks14: the T-even state T+ and the T-odd state T−. Comparing Eqs. (31)
and (64) shows that the T-odd state is always the lightest of the two, MT− < MT+ .
The collider phenomenology of the T-even state [35] is very similar to that in a model
with no T parity: single T+ production is allowed and is the dominant channel for
sufficiently high masses, and the decays into Wb, tZ and th final states occur with
partial widths given in Eq. (81). The only new feature is that in certain regions
of parameter space a new decay channel T+ → T−BH is allowed; followed by the
decay T− → tBH , this mode leads to a top+missing ET signature. The T-odd quarks
need to be pair-produced; at the LHC, qq¯ → T−T¯− and gg → T−T¯− are the dominant
production channels. The produced T− quarks decay into tBH ; if the T− is sufficiently
heavy, other decay channels, such as bW+H , may be allowed. All events with T−
production are expected to have large amount of missing transverse momentum due
to the presence of two weakly interacting, stable BH bosons in each event [35]. The
LHT model also contains three generations of vector-like TeV-scale T-odd fermions,
the partners of light quark and lepton doublets. The collider phenomenology of these
states has not yet been studied in detail. It is clear, however, that pair-production
of these states, followed by their cascade decays down to the LTP BH , will result
in events with high-pT jets and/or leptons and large missing transverse momentum.
Such signatures are also expected in the R-parity conserving SUSY theories such as
the MSSM, and in models with universal extra dimensions (UED) with conserved KK
parity [63, 64]. This raises an interesting question of whether these models can be
experimentally distinguished at the LHC and the ILC.
While discovering and studying the T quark provides the most direct experimental
window into the top sector of Little Higgs models, the models also predict potentially
observable deviations in the gauge and Yukawa couplings of the familiar top quark t
14In the modified T-parity symmetric embedding of the top sector suggested in Ref. [36], there is
no T-even heavy top; the phenomenology of the T-odd T state is very similar to the original model
discussed here.
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from their SM values, due to the mixing of t and T . In particular, Ref. [65] found that
the expected precision of the e+e− → tt¯ cross section and the top width measurements
at the ILC will be sufficient to observe the shifts in the ttZ and tbW couplings pre-
dicted by the Littlest Higgs model, throughout the model parameter range preferred
by naturalness.
6.3 Scalar Sector
The presence and the salient features of the TeV-scale gauge bosons and T quarks are
completely generic in the LH models, since these particles are required for the collec-
tive symmetry breaking mechanism to work. The scalar sector of the LH models, on
the other hand, is more model-dependent: explicit models typically contain additional
scalar states, but their spectrum and properties vary. For example, the Littlest Higgs
model contains a weak triplet scalar field φ. One of the components of the triplet,
the doubly-charged scalar φ++, could provide interesting collider signatures, such as
a resonant contribution to the W+W+ elastic scattering process [42]. (In the Littlest
Higgs model with T parity, the triplet is T-odd and φ++, along with other compo-
nents, need to be pair-produced; the production cross section, decay channels and
signatures have been studied in Ref. [35].) Many LH models contain electroweak-
singlet pseudoscalar particles: examples include the Littlest Higgs model with an
SU(2)×SU(2)×U(1)Y gauge group, where the η state (see Eq. (25)) is not absorbed
and remains physical, as well as the SU(3) simple group model. The phenomenology
of these states has been considered in Ref. [66]; in particular, it was found that their
inclusive production at the LHC may yield impressive diphoton resonances.
The L2H model, along with many other Little Higgs models, contains a Higgs
boson whose properties are identical to the SM Higgs in the limit f →∞. For finite
f , however, the LH models predict deviations from the SM, at the level of v2/f 2, in
observables such as Higgs production and decay rates. Corrections at a few per cent
level can be induced. For example, the Higgs decay rates in the Littlest Higgs model
were analyzed in Ref. [67], where it was found that, for f = 1 TeV, Γ(H → gg) is
reduced by 6–10% and Γ(H → γγ) is reduced by 5–7% compared to their SM values.
(The LH effects in the decay H → γZ were considered in Ref. [68].) A sensitive
search for the predicted deviations of the Higgs coupling to photon pairs could be
performed by the ILC running in the γγ mode, using the process γγ → H → bb¯ [69].
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Figure 16: The degree of fine-tuning ∆ in the SM with a cutoff at 10 TeV; the MSSM;
and four LH models. From Ref. [70].
7 Other Topics
Despite their relative novelty, the literature on the Little Higgs models is quite exten-
sive, and many aspects of these theories have been investigated. In this section, we
will briefly review the results on several topics not covered above: detailed analyses
of fine-tuning in the EWSB sector; ultraviolet completions of the LH models; flavor
aspects; and predictions for cosmology.
7.1 Fine-Tuning and EWSB
Simple estimates of the sizes of various terms in the CW potential of the LH models
suggest that the Higgs vev of 246 GeV can be obtained with little or no fine-tuning,
as long as the scale f is around 1 TeV. A more detailed analysis of the required degree
of fine-tuning was presented in Ref. [70]. While there is no unique way to quantify
fine-tuning, some sensible measures can be defined, and at least the relative degree
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of tuning in various models can be compared if the same measure is applied to them.
The authors of [70] use the measure pioneered by Barbieri and Giudice [71] in the
context of supersymmetric models: writing the Higgs vev as v2 = v2(p1, p2, . . .), where
pi are the input (Lagrangian) parameters of the model under study, the amount of
fine tuning is given by
∆ =
[∑
i
∆2i
]1/2
, (82)
where ∆i are defined via
δv2
v2
= ∆i
δpi
pi
. (83)
Four models, the original Littlest Higgs, the Littlest Higgs with a single gauged U(1)
(“Littlest 2”), the Littlest Higgs with T parity, and the SU(3) simple group model,
have been analyzed. The results are shown in Fig. 16. In all cases, the authors
conclude that the degree of fine-tuning is higher than the value suggested by naive
estimates, as well as the values obtained in the MSSM if the Higgs mass is very close
to the current experimental lower bound, mh >∼ 114 GeV. It is interesting to note
that in the L2H model with T parity, fine-tuning decreases with the increase in mh;
values of mh as high as 800 GeV can be consistent with precision electroweak fits in
this model (see Ref. [21] and section 5.3). Similarly, the analysis of the exact one-loop
CW potential in Ref. [72] has found that the natural expectation in the L2H model,
in the absence of fine-tuning, is that the Higgs is “cruiserweight”, in the 800 GeV
range for f ∼ 2 TeV.
7.2 Ultraviolet Completions
All LH models are effective field theories, with a cutoff scale around 10 TeV. Beyond
that scale, a more fundamental theory, the ultraviolet (UV) completion of the LH
model, is required. While the relevant energy scales will not be probed directly in
collider experiments in the near future, it is important to construct and study explicit
UV completions of LH models. Indeed, the constraints from low-energy experiments
require that the four-fermion operators that generate flavor-changing neutral currents
(FCNCs) not be generated at scales below ∼ 1000 TeV, well above the regime of va-
lidity of the LH description. A successful LH model thus needs to be supplemented
by a UV completion with a non-generic flavor structure which would satisfy this con-
straint. Also, the CW potential of the LH models receives contributions sensitive to
the cutoff physics, see section 3.3. If a UV completion is specified, these contributions
could be computed, resulting in a completely predictive model of EWSB15.
15With an additional assumption of the “vector limit” [73], the Higgs potential can be computed
within the effective theory [74].
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Several examples of UV completions of popular LH models have been proposed.
For instance, Ref. [75] embedded a slightly modified version of the Littlest Higgs
model into a supersymmetric theory, which is renormalizable and valid up to scales
of order MPl. The theory contains a new “ultracolor” gauge interaction (the model of
Ref. [75] takes the ultracolor gauge group to be SO(7)), and a set of “ultrafermions”,
which transform in a real representation of SO(7). SUSY is broken softly at the 10
TeV scale, driving the theory into a confining phase; the SU(5)→ SO(5) symmetry
breaking pattern arises from condensation of ultrafermions. As an alternative, the
SU(5)/SO(5) Littlest Higgs model can be UV-completed by implementing it in a
slice of five-dimensional Anti-de Sitter space [76]. In this setup, the SU(5) global
symmetry of the 4D L2H model appears as a gauged SU(5) symmetry in the 5D bulk,
broken down to SO(5) on the IR brane. Collective breaking appears in the choice of
brane boundary conditions, rather than the gauge couplings.
Refs. [77, 78] investigated the interesting possibility that the UV completion of an
LH theory is provided by another LH theory, extending the perturbative description
by a factor of 10, to ∼ 100 TeV. Explicit toy models implementing this idea were
presented: for example, in Ref. [77] the SU(3) simple group LH model was UV
completed by two copies of the Littlest Higgs at higher energies. In principle, this
procedure could be iterated to obtain a theory with light scalars and an exponentially
large cutoff in the absence of supersymmetry or strong dynamics.
7.3 Flavor Physics
Apart from the UV operator contributions mentioned above, flavor-violating low-
energy observables are also generically expected to receive contributions from the
weakly coupled TeV-scale new states predicted by the LH models. Several studies
have evaluated these effects in the context of the L2H model. For example, box
diagrams involving W±H gauge bosons and/or the heavy top quark T contribute to the
K0−K¯0 and B0d,s−B¯0d,s mixing mass differences, as well as the CP-violating parameter
εK [79, 80] (see also [81]). The K
0 → π0νν¯ [82] and B → sγ [83] decay rates also
receive contributions from the diagrams with these states running in the loop. Because
of the presence of the heavy top T , flavor-changing neutral currents are also induced
at tree level in the up sector; the induced rates of rare D meson decays, t → cZ,
and the D0 − D¯0 mass difference have been considered in Ref. [84]. Unfortunately,
in all cases, the experimental sensitivity and the theoretical uncertainty inherent in
hadronic observables imply that the bounds on the model parameters from the non-
observation of the predicted flavor-changing effects are significantly weaker than the
precision electroweak constraints.
Neutrino masses and lepton-flavor violation in the L2Hmodel have been considered
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in Ref. [85]. It was argued that the most satisfactory way of incorporating neutrino
masses is to include a lepton-number violating interaction between the scalar triplet
and lepton doublets. In the absence of T parity, the triplet acquires a vev, inducing
a Majorana mass for νL; however, there is no see-saw mechanism, and either the
vev or the coupling need to be fine-tuned to obtain the masses at the experimentally
observed scale. Potential collider signatures of this scenario, arising from the lepton-
number violating decays of triplet scalars, were also considered. Ref. [86] suggested
a Little Higgs model, based on a modification of the simple group SU(3) theory,
in which the observed neutrino masses and mixings can be accommodated naturally,
without fine-tuning. This model contains three additional Dirac neutrinos at the TeV
scale. (Neutrino masses in the simple group LH model have also been considered in
Ref. [87], while lepton-flavor violating effects from a possible UV completion of the
L2H model were studied in Ref. [88].)
7.4 Little Higgs Cosmology
As with any model of EWSB, LH models have interesting consequences for early
universe cosmology, especially the electroweak phase transition era. The dynamics
of the transition were analyzed in Ref. [89]. Explicit calculations were performed
in the context of the L2H model with a single gauged U(1), but the main features
uncovered by the analysis are expected to be generic. Surprisingly, it was found
that the electroweak symmetry in this model is not restored at high temperatures.
Rather, in the high-temperature limit the thermal CW potential develops a symmetry-
breaking minimum with an order parameter of order f . Another surprising result,
with possible relevance for cosmology, is the rich spectrum of allowed topological
defects in the L2H model [90].
Some LH models contain discrete symmetries that could render one of the new
TeV-scale particles stable. If this particle is weakly interacting, it can provide an
attractive dark matter candidate. Two examples of LH dark matter candidates have
been studied in the literature: one arising from a theory space model [91], and an-
other one from the L2H model with T parity [35]. For example, the relic abundance
of the WIMP candidate of the L2HT model, the “heavy photon” (or, more pre-
cisely, the heavy partner of the hypercharge gauge boson), is shown in Fig. 17. The
dominant WIMP annihilation channels in this model are W+W− and ZZ, via an
s-channel Higgs exchange. Note that the WMAP measurement of the dark matter
abundance [92] provides a strong constraint on the parameter space of the model.
Direct and indirect signatures of the heavy photon dark matter are currently under
investigation [93].
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Figure 17: Contours of constant relic density of the “heavy photon” in the L2HT
model. In order from lightest to darkest regions, the heavy photon makes up 0-10%,
10-50%, 50-70%, 70-100%, 100%, and > 100% of the dark matter density measured
by WMAP [92]. From Ref. [35].
8 Conclusions
In this article, we reviewed the Little Higgs models of electroweak symmetry break-
ing. In these models, the Higgs boson is a composite particle. While a generic theory
with a composite Higgs becomes strongly coupled around the TeV scale, leading
to phenomenological difficulties, the LH models remain perturbative up to the 10
TeV scale. Two ingredients are required to stabilize the “little hierarchy” between
the Higgs mass and the strong coupling scale. First, the Higgs is identified with a
Nambu-Goldstone field corresponding to a dynamically broken global symmetry; this
guarantees that its mass vanishes at tree level. Second, while the global symmetry is
also broken explicitly in order to describe the gauge and Yukawa interactions of the
Higgs, the explicit breaking is “collective”. That is, none of the coupling constants
in the LH Largangian by itself breaks all the global symmetries required to keep the
Higgs massless; it is only their collective effect that results in the Higgs acquiring
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a mass and non-derivative interactions. This collective symmetry breaking mecha-
nism guarantees the absence of quadratically divergent one-loop contributions to the
Higgs mass. While a quadratic divergence reappears at the two loop order, and loga-
rithmically divergent contributions to the Higgs mass are induced at one loop, these
contributions are sufficiently small and no fine tuning is required to stabilize the little
hierarchy. At the same time, the logarithmically divergent one-loop contibution to
the Higgs mass from top loops, which typically dominates over other effects due to
a large value of the top Yukawa coupling in the SM, has the correct sign to trigger
EWSB, and an order-one Higgs quartic coupling is generated at one loop. Thus, the
LH models provide a phenomenologically consistent, simple and attractive picture of
radiatively induced EWSB.
A large number of explicit, fully realistic models of EWSB implementing the col-
lective symmetry breaking mechanism have been constructed; several of them have
been reviewed in this article. All models predict new vector-like fermions and gauge
bosons at the TeV scale; these are required to cancel the one-loop quadratic diver-
gences in the Higgs mass. Many specific models also contain additional scalar states.
The new physics at the TeV scale induces corrections to weak scale observables, many
of which have been measured with exquisite precision by LEP, SLD, and other ex-
periments. The simplest LH models, such as the Littlest Higgs and the SU(3) simple
group model, turn out to be significantly constraied by precision electroweak mea-
surements, although they may be consistent in some special regions of the parameter
space. An interesting solution to this difficulty is provided by the models with T
parity, in which the weak-scale observables receive no tree-level corrections, and a
consistent fit to data is possible for a wide range of model parameters.
The new particles predicted by the LH models should be within the discovery
range of the LHC experiments. The suggested signatures, estimates of experimental
sensitivities, and possible experimental strategies for confirming the LH origin of the
observed new particles, were reviewed in this article. Much work remains to be done,
however, to maximize the experiments’ efficiency in searching for the LH signatures.
This includes systematically incorporating the LH models in the existing Monte Carlo
generators, which is required for systematic comparison of the model predictions with
the LHC data. Also, more work needs to be done on the colider phenomenology of
models with T parity, whose signatures can “fake” those expected in the simple SUSY
theories such as the MSSM.
Several interesting model-building issues related to the LH models remain to be
addressed. For example, detailed studies of the Higgs effective potential in a few rep-
resentative LH models indicate that the models are somewhat more fine-tuned than
suggested by naive estimates, especially if the Higgs is light. It is not clear whether
this is a generic phenomenon, and it would be interesting if explicit counterexamples
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could be constructed. Also, while several UV completions of the LH models (describ-
ing the physics above the 10 TeV scale) have been built, the existing proposals are
rather complicated. It would be interesting to see if the LH theories could emerge
from a simpler UV dynamics.
While we attempted to provide a comprehensive review of the existing LH models
of EWSB, several closely related subjects remained beyond the scope of this arti-
cle. These include the recently proposed alternative implementation of the Higgs as
a pseudo-NGB, stabilized by a “mirror” symmetry interchanging the SM particles
with their mirror partners [94, 95]. The “intermediate Higgs” models [96] imple-
ment the collective symmetry breaking mechanism in the top sector, but not in the
gauge sector, so that the one-loop quadratic divergences from the bow tie gauge
loops are uncanceled. Some amount of fine-tuning is then required to stabilize the
little hierarchy or to avoid the constraints from operators such as (9). However, the
models are very simple, and the perturbatively calculable corrections to precision
electroweak observables are small (loop-level only). Another interesting recent de-
velopment is a series of papers which attempt to implement the collective symmetry
breaking mechanism in models with low-energy supersymmetry, in order to reduce
the amount of fine-tuning required for successful EWSB in simple SUSY models such
as the MSSM [97, 98, 99, 100, 101]. The collective symmetry breaking mechanism
has been applied in other contexts where scalar masses need to be stabilized against
radiative corrections: examples include the light flavon fields of Refs. [102], as well as
radiatively stable quintessence [103] and inflaton [104] fields. The interested reader
is encouraged to consult the original papers for a detailed discussion of these ideas.
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